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ABSTRACT 


The  electrodeposition  of  cobalt,  iron,  antimony,  and  their  aluminum  alloys  was 
investigated  in  the  room-temperature  molten  salt,  aluminum  chloride- l-methyl-3- 
ethylimidazolium  chloride  (AlClj-MeEtimCl).  Solutions  of  Co(II),  Fe(II),  and  Sb(III) 
were  prepared  by  controlled-potential  coulometric  anodization  of  the  respective  metal  in 
Lewis  acidic  melt.  The  plating  and  stripping  of  these  metals  was  investigated  using  cyclic 
voltammetry,  rotating  disk  and  rotating  ring-disk  electrode  voltammetry,  controlled 
potential  coulometry,  and  potential  step  chronoamperometry.  Bulk  deposits  of  the  pure 
and  aluminum-alloyed  metals  were  analyzed  using  scanning  electron  microscopy,  energy 
dispersive  x-ray  spectroscopy,  atomic  absorption  spectroscopy,  and  x-ray  diffraction 
methods. 

The  underpotential  co-deposition  of  aluminum  was  observed  during  the 
electrodeposition  of  cobalt  and  iron;  however,  this  phenomenon  did  not  occur  during  the 
electrodeposition  of  antimony.  The  results  of  this  investigation  suggest  that  both  a 
positive  work  function  difference  between  the  transition  metal  and  aluminum  and  the 
mutual  solubility  of  these  components  determine  whether  or  not  the  co-deposition  of 
aluminum  takes  place. 

Two  electroanalytical  techniques  were  developed  for  the  analysis  of  co-deposited 
aluminum  alloys;  the  first  was  based  on  anodic  linear  sweep  voltammetry  at  a  rotating- 
ring-disk  electrode.  The  second  was  derived  from  the  transition  metal  ion  concentration 
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changes  observed  during  bulk  deposition  experiments.  In  the  first  technique,  an  alloy 
deposit  was  stripped  from  the  disk  electrode  while  the  ring  potential  was  held  at  a  value 
where  only  one  of  the  ions  oxidized  from  the  alloy  could  be  reduced.  In  the  second 
technique,  the  concentration  of  transition  metal  ions  was  monitored  in  an  undivided  cell 
with  an  anode  made  from  the  depositing  metal.  The  co-deposition  of  aluminum  was 
signalled  by  an  increase  in  the  transition  metal  ion  concentration.  The  alloy  composition 
data  resulting  from  both  techniques  were  in  excellent  agreement  with  that  obtained  from 
the  analysis  of  partial  currents  by  means  of  sampled-current  voltammetry. 

Chronoamperometry  was  used  to  study  the  nucleation  of  antimony  and  iron  on 
glassy  carbon  substrates.  The  electrodeposition  of  these  metals  was  found  to  involve 
three-dimensional  nucleation  with  hemispherical  diffusion-controlled  growth  of  the  nuclei. 
Comparison  of  the  experimental  dimensionless  current-time  transients  with  theoretical 
transients  indicated  that  the  nucleation  of  iron  followed  a  progressive  mechanism  whereas 
the  nucleation  of  antimony  followed  a  progressive  mechanism  at  a  finite  number  of  active 
sites.  Analysis  of  the  potential  dependence  of  the  nucleation  rate  according  to  the 
Atomistic  Theory  of  Nucleation  suggested  that  active  sites  on  the  glassy  carbon  substrate 
act  as  critical  nuclei. 

The  formal  potentials  of  the  Co(II)/Co,  Fe(II)/Fe,  and  Sb(III)/Sb  couples  were 
found  to  be:  0.86  ±  0.02,  0.52  ±  0.01,  and  1.02  ±  0.03  V,  respectively,  in  the  60.0-40.0 
m/o  AlClj-MeEtimCl  molten  salt  at  25  “C.  The  diffusion  coefficients  of  cobalt(n), 
iron(II),  and  antimony(III)  were  found  to  be;  (3.4  ±  0. 1)  x  10’^;  (  2.6  ±  0.3)  x  10'®;  and 
(1.1  ±  0.1)  X  10'®  cm^  s'*,  respectively. 
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CHAPTER  1.  INTRODUCTION 


The  worldwide  consumption  of  aluminum  is  now  in  the  tens  of  millions  of  tons  and 
on  the  rise  each  year  (1).  The  aluminum  industry  is  the  world’s  largest  electrochemical 
industry.  It  accounts  for  more  than  12%  of  all  the  electricity  used  in  the  world  through  the 
Hall-Heroult  process  for  aluminum  production.  These  facts  alone  establish  aluminum  as  an 
important  industrial  material  that  must  possess  some  very  desirable  physical,  chemical  and 
metallurgical  properties. 

Aluminum  is  the  most  abundant  metallic  element  on  the  surface  of  the  earth  and  is  the 
most  widely  used  nonferrous  metal.  It  is  light;  its  density  is  about  one  third  that  of  iron.  In 
its  alloyed  form,  it  is  soft  and  ductile.  Aluminum  forms  a  self-protecting  oxide  layer  and  is 
therefore  highly  resistant  to  corrosion,  even  upon  exposure  to  chloride-containing  media  such 
as  sea  water.  It  can  be  hardened  and  made  more  corrosion  resistant  by  alloying  with  other 
metals,  e.g.,  magnesium  and  transition  metals  such  as  cobalt,  copper,  and  zinc.  It  has  high 
electrical  and  thermal  conductivity  and  is  an  indispensable  construction  material  for  the 
electronics,  automotive,  and  aerospace  industry.  In  this  era  of  environmental  concerns,  it  is 
significant  that  aluminum  poses  no  serious  health  hazards. 

Electrodeposition  is  a  common  technique  for  creating  metal  alloy  films  from  aqueous 
solutions.  Unlike  solidification,  the  electrodepostion  of  alloys  usually  leads  to  materials  with 
a  more  uniform  composition  and  structure.  Aluminum-transition  metal  alloys  may  be  used 
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to  make  strong,  lightweight,  anti-corrosive  structures,  materials  with  unusual  magnetic 
properties,  and  other  materials  of  technological  significance.  Despite  their  importance,  very 
little  research  has  been  focused  on  the  electrodepostion  of  aluminum  alloys  due  to  the 
negative  potential  of  the  A1(III)/A1  couple  in  aqueous  solution  (-1.66  V  versus  the  normal 
hydrogen  electrode,  NHE);  the  deposition  of  aluminum  from  aqueous  media  is  not  practical 
because  hydrogen  is  evolved  before  Al(lll)  is  reduced  (2). 

The  incorporation  of  hydrogen  into  the  atomic  structure  of  alloys  made  by  aqueous 
electrodeposition  leads  to  materials  with  adverse  properties  (3),  including  defects  in  the 
structure  of  these  materials  (4-6).  The  evolution  and  co-deposition  of  hydrogen  also  leads 
to  a  loss  in  current  efficiency  during  the  plating  process.  The  problem  caused  by  hydrogen 
evolution  and  co-deposition  can  often  be  avoided  by  the  use  of  plating  baths  based  on  aprotic, 
nonaqueous  solvents.  The  need  for  a  low  melting  liquid  medium  from  which  aluminum  can 
be  electrodeposited  has  led  to  the  development  of  the  class  of  ionic  liquids  known  today  as 
room-temperature  haloaluminate  molten  salts. 

1.1  Room-Temperature  Haloaluminate  Molten  Salts 

1.1.1  History  and  Background 

Room-temperature  haloaluminate  molten  salts  or  more  appropriately  ionic  liquids,  are 
made  by  combining  aluminum  chloride  with  various  quaternary  ammonium  halide  salts.  The 
first  of  these  ionic  liquids,  a  mixture  of  N-ethylpyridinium  bromide  and  aluminum  chloride, 
was  used  by  Hurley  and  Wier  in  1951  for  the  electrodeposition  of  aluminum  (7-1 1).  This 
system  proved  to  be  the  model  for  the  room-temperature  molten  salts  used  today.  However, 


the  N-ethylpyridinium  bromide  system  has  three  disadvantages:  it  is  susceptible  to 
photodecomposition,  the  N-ethylpyridinium  cation  is  quite  easily  reduced,  and  the  melt  is  a 
liquid  over  a  narrow  composition  range.  Other  binary  molten  salts  with  improved  chemical 
and  physical  properties  were  designed  based  on  this  model  of  a  quaternary  organic  halide  salt 
combined  with  an  aluminum  halide. 

In  1978,  Carpio  et  a/.  (12),  found  that  if  the  organic  component  was  a  1- 
(alkyl)pyridinium  chloride  salt  instead  of  a  bromide  salt,  then  the  resulting  room-temperature 
molten  salt  had  improved  properties.  For  example,  melts  made  from  AICI3  and  1-(1- 
butyl)pyridinium  chloride  (BupyCl)  were  found  to  have  a  wider  potential  window,  and  they 
were  liquid  at  room  temperature  over  a  wider  range  of  compositions.  In  addition,  they 
displayed  no  light  sensitivity  compared  to  melts  derived  from  N-ethylpyridinium  bromide. 

In  1 982,  Wilkes  et  a/.(l  3),  introduced  a  new  family  of  room-temperature  molten  salts 
that  were  prepared  by  combing  aluminum  chloride  with  a  dialkylimidazolium  chloride  salt. 
Their  choice  of  these  salts  was  based  on  predictions  resulting  from  Modified  Neglect  of 
Diatomic  Overlap  (MNDO)  molecular  orbital  calculations.  These  MNDO  calculations 
suggested  that  the  dialkylimidazolium  cations  were  extremely  resistant  to  reduction.  Of  the 
dialkylimidazolium  chlorides,  1  -methyl-3 -ethylimidazolium  chloride  (MeEtimCl)  was  found 
to  result  in  melts  with  the  best  overall  chemical,  electrochemical,  and  physical  properties.  The 
AlClj-MeEtimCl  melt  has  become  the  system  of  choice  because  it  is  a  liquid  at  room 
temperature  over  a  wider  range  of  composition  than  the  AlCl3-BupyCl  melt.  This  is 
apparently  due  to  the  lower  symmetry  of  the  MeEtim^  ion  relative  to  the  Bupy^  ion  (4).  The 
AlCl3-MeEtimCl  melt  also  has  a  wider  potential  range  than  the  AlClj-BupyCl  melt  because 
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MeEtim^  is  more  difficult  to  reduce  than  Bupy^  (13).  Room-temperature  molten  salts  have 
gained  wide  acceptance  as  electrochemical  solvents.  This  is  in  part  due  to  the  many  unique 
properties  of  these  unusual  molten  salts.  For  example,  these  room-temperature  molten  salts 
do  not  require  a  supporting  electrolyte  to  make  them  conductive,  and  they  exhibit  other 
favorable  properties  like  excellent  chemical  and  thermal  stability,  low  vapor  pressure,  low 
melting  point,  high  electrical  conductivity,  and  adjustable  Lewis  acidity.  These  molten  salts 
have  also  proven  to  be  excellent  solvents  for  a  wide  range  of  organic,  organometallic,  and 
inorganic  solutes.  The  structures  of  these  room-temperature  haloaluminate  molten  salt 
systems  appear  in  Figure  1.1. 

1.1.2  Acid-Base  Properties  of  the  AlClj-MeEtimCl  Molten  Salt 

One  of  the  many  useful  characteristic  of  chloroaluminate  molten  salts,  such  as  AlClj- 
MeEtimCl,  is  that  the  Lewis  acidity  of  the  melt  may  be  altered  simply  by  changing  the 
composition  of  the  melt  (Figure  1 .2).  The  principal  reaction  governing  the  acidity  is  described 
by  the  following  equation. 


2A1C14-  AI2CV  +  Cr  [1.1] 

For  the  AlClj-MeEtimCl  melt,  the  equilibrium  constant  for  this  reaction  is  approximately 
10  ’’  at  40  °C  (14).  The  Lewis  acidity  of  AlClj-MeEtimCl  melt  is  analogous  to  the  Bronsted 
acidity  of  water: 
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Figure  1.1.  Structures  of  room-temperature  haloaluminate  molten  salts  (15). 


5 


Melts  having  an  aluminum  chloride  content  of  less  than  50  mole  percent  (m/o)  AICI3  are 
classified  as  basic  because  they  contain  chloride  ions  that  are  not  covalently  bound  to 
aluminum.  Melts  prepared  from  equimolar  amounts  of  AICI3  and  MeEtimCl  are  designated 
as  neutral  because  A1C14'  is  the  predominant  anionic  component  of  the  melt.  Melts  prepared 
with  a  molar  excess  of  AICI3  are  classified  as  acidic  due  to  the  presence  of  the  chloride 
acceptor,  Al2Cl7'.  All  of  the  research  presented  herein  was  carried  out  in  acidic  melts  because 
the  metals  and  alloys  studied  cannot  be  deposited  from  basic  melts;  chloride  ions  complex  and 
stabilize  most  metal  ions,  making  them  difficult  if  not  impossible  to  reduce  ^jd^the 
corresponding  metals. 

1.1.3  Physical  and  Electrochemical  Properties  of  AlClj-MeEtimCl  Molten  Salts 

The  physical  properties  of  the  AlCl3-MeEtimCl  molten  salt  vary  considerably  with  the 
ratio  of  aluminum  chloride  to  organic  salt.  The  AlCl3-MeEtimCl  molten  salt  system  has  a 
large  potential  window,  wide  thermal  stability,  and  broad  liquid  range,  making  it  a  very 
practical  solvent  system  for  a  variety  of  electrochemical  applications.  A  phase  diagram  of  the 
AlClj-MeEtimCl  system  is  shown  in  Figure  1.3;  it  can  be  seen  that  the  AlCl3-MeEtimCl 
molten  salt  is  liquid  at  room  temperature  in  the  interval  between  30.0  and  68.0  m/o  AICI3. 
The  range  of  potentials  over  which  a  solvent  is  electrochemically  inert  is  called  the  potential 
window  of  the  solvent,  and  a  solvent  is  considered  inert  when  its  backgrovmd  current  does 
not  interfere  with  the  electrochemical  system  being  studied.  The  amount  of  background 


current  that  can  be  tolerated  is  a  matter  of  individual  preference.  Figure  1 .4  shows  the 
electrochemical  potential  window  of  the  AlClj-MeEtimCl  molten  salt  (15).  The  acidic 
AlClj-MeEtimCl  melts  are  generally  considered  to  have  a  potential  window  of  approximately 
2.2  V.  The  negative  potential  limit  of  acidic  AlClj-MeEtimCl  melt  (0  V)  is  reached  when 
Al2Cl7‘  is  reduced,  resulting  in  the  electrodeposition  of  aluminum  metal. 

4AI2CV  +  3e-  ^  Al(s)  +  TAICV  [1.3] 

The  positive  potential  limit  (2.2  V)  corresponds  to  the  oxidation  of  AlCl^  to  produce  chlorine 
and  Al2Cl7'. 

4A1C14-  **  2AI2CV  +  CI2  +  2e-  [1.4] 

Acidic  melts  with  >  65  m/o  AICI3  contain  very  little  A1C14';  the  positive  potential  window  of 
these  melts  results  from  the  oxidation  of  some  other  chloroaluminate  species  (e.  g.,  Al2Cl7' 
or  AljClio')- 

The  electrode  reaction  at  the  positive  limit  of  basic  melt  is  the  oxidation  of  chloride 
ion.  The  reaction  at  the  negative  limit  in  basic  melt  is  the  reduction  of  the  MeEtim^  ion.  In 
melts  containing  equimolar  amounts  of  AICI3  and  MeEtimCl,  i.e.,  neutral  melts,  the 
electrochemical  window  encompasses  the  positive  limit  of  the  acidic  melt  and  the  negative 
limit  of  the  basic  melt  (14). 
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Figure  1.4  Electrochemical  potential  window  of  room-temperature  molten  salts  (69). 
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1.1.4  Electrodeposition  of  Metals  and  Alloys  from  both  High  Temperature 
and  Room-Temperature  Chloroaluminate  Melts 

Electrodeposition  can  be  a  convenient  method  for  creating  thin  films  of  metals  and 
alloys.  The  control  available  during  electrodeposition  makes  it  a  useful  technique  for  the 
electroplating  of  structures  as  simple  as  truck  bumpers  and  as  complex  as  printed  circuit 
boards  and  nanostructured  devices  (16, 17).  In  many  cases,  the  composition  of  the  deposit 
including  alloy  formation  can  be  strictly  controlled  during  the  electroplating  process  (18,19, 
20).  Most  commonly,  electrodeposition  is  carried  out  in  aqueous  media.  However,  as 
discussed  previously,  the  use  of  aqueous  media  is  not  practical  for  the  electrodeposition  of 
aluminum  and  its  alloys.  Also  mentioned  earlier,  room-temperature  haloaluminate  molten 
salts  were  introduced  by  Hurley  and  Wier  in  1951  for  the  express  purpose  of  plating 
aluminum  (7-11).  The  deposition  of  aluminum  from  room-temperature  molten  salts  has 
remained  a  point  of  interest,  and  in  1979  Osteryoung  (21)  electrodeposited  aluminum  fi-om 
acidic  AlClj-BupyCl. 

The  studies  that  have  been  carried  out  on  the  electrodeposition  of  pure  metals  from 
acidic  room-temperature  melts  include:  aluminum  (22),  cobalt  (23, 24),  lead  (25),  mercury 
(26),  nickel  (27),  silver  (28),  and  tin  (29).  Lead,  mercury,  and  silver  were  all  studied  in  66.7- 
33.3  m/o  AlClj-MeEtimCl  (26, 28,30).  Electrochemical  and  spectral  investigations  of  Co(II) 
(24)  and  Ni(II)  (31, 32)  were  carried  out  in  acidic  AlClj-BupyCl.  Iron,  copper,  and  nickel 
have  been  studied  in  buffered,  acidic  AlClj-MeEtimCl  (33).  Zinc(II)  chloride  was  perceived 
insoluble  (34)  in  acidic  AlClj-MeEtimCl.  Yet,  by  using  controlled  potential  electrolysis, 
Zn(II)  was  easily  introduced  into  the  melt,  and  the  electrodeposition  of  Zn  was  studied  in  this 
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melt  (35).  Studies  of  metal  electrodeposition  from  basic  melts  were  restricted  to  gold  (36) 
palladium,  tin,  and  mercury  (37,  38).  The  limited  work  done  in  basic  melt  reflects  the  fact 
that  most  metal  ions  are  complexed  by  chloride  ion  in  this  melt,  making  them  very  resistant 
to  reduction. 

The  studies  listed  above  cover  the  time  period  from  1 979  to  the  present,  and  it  should 
be  remembered  that  alloys  were  not  generally  the  focus  of  this  early/work.  Thus,  during 
some  of  this  previous  work,  it  was  not  obvious  that  many  of  the  deposits  were  not  pure 
metals,  but  actually  aluminum-containing  alloys.  For  example,  it  is  now  known  that  the 
electrodeposition  of  chromium  (17,  39),  cobalt  (18),  and  nickel  (19,  20,  40)  from  acidic 
room-temperature  chloroaluminate  melts  involves  the  co-deposition  of  aluminum.  However, 
comprehensive  investigations  of  the  fundamental  aspects  of  the  electrodeposition  of  these 
transition  metal-aluminum  alloys  are  lacking.  Ni-Al  alloy  was  electrodeposited  using  dc  and 
pulsed  current  electrolysis  from  room-temperature  acidic  AlClj-BupyCl  molten  salt  containing 
Ni(II)  (42).  The  co-deposition  of  nickel  and  aluminum  at  potentials  positive  of  the  bulk 
deposition  of  aluminum  has  recently  been  demonstrated  in  acidic  AlClj-MeEtimCl  (35). 
Recent  work  by  Carlin  et  a/.  (41)  was  concerned  with  the  electrodeposition  of  Co-Al  alloys 
from  acidic  AlClj-MeEtimCl  containing  Co(II).  Cu-Al  alloys  were  deposited  from  solutions 
of  Cu(I)  in  AlClj-MeEtimCl  (36, 42).  Cr-Al  alloys  have  been  electrodeposited  from  acidic 
AlCls-MeEtimCl  (43)  and  from  acidic  AlClj-BupyCl  (44).  The  chromium  content  of  the 
AlClj-BupyCl  electrodeposits  reached  a  maximum  of  94  a/o  and  were  found  to  be 
independent  of  deposition  parameters  such  as  concentration  and  applied  potential. 
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The  electrodeposition  of  transition  metals  and  their  aluminum  alloys  has  also  been 
studied  from  high-temperature  chloroaluminates  such  as  AlClj-NaCl  and  from  conventional 
organic  solvent-electrolyte  combinations  such  as  alkylbenzene-hydrogen  bromide.  The  AICI3- 
NaCl  melt  has  an  adjustable  acidity  similar  to  AlClj-MeEtimCl,  but  its  temperature  range  is 
ca.  150  to  250  °C.  However,  the  melt  has  proven  practical  for  routine  use.  The  main 
drawbacks  for  the  AlClj-NaCl  system  are  the  significant  vapor  pressure  of  AICI3  and  the  high 
operating  temperatures  required  to  work  with  this  melt.  The  disposal  of  waste  solvent,  the 
low  conductivity,  and  the  high  vapor  pressure  of  organic  solvents  such  as  the  alkylbenzenes 
makes  this  an  unattractive  medium  for  electrodeposition,  and  so  it  will  not  be  discussed 
further  here. 

The  electrodeposition  of  titanium  from  the  66.7-33.3  m/o  AlCl3-NaCl  molten  salt  at 
1 50  °C  containing  Ti(IV)  (45)  revealed  a  metastable  Al-Ti  alloy  containing  up  to  28  atomic 
percent  (a/o)  Ti.  Mn-Al  alloys  containing  between  5  and  22  a/o  Mn  (46,47)  were  obtained 
from  solutions  of  Mn(II)  in  this  same  melt.  The  addition  of  manganese  to  the  aluminum  had 
a  remarkable  effect  in  that  the  single  phase  Mn-Al  alloy  displayed  a 400  mV  increase  in  pitting 
potential  relative  to  pure  aluminum .  Cr-Al  alloys  have  been  electrodeposited  from  66.7-33 .3 
m/o  AlCl3-NaCl  at  175  °C  (48).  The  chromium  content  of  the  these  deposits  reached  a 
maximum  of  94  a/o  and  were  found  to  be  independent  of  deposition  parameters  such  as 
concentration  and  applied  potential.  Iron,  copper,  and  nickel  have  also  been  studied  in  acidic 
AlCl3-NaCl  at  220  °C  (49).  The  electrodeposition  of  Ni- A1  alloys  has  been  investigated  in  the 
66.7-33.3  m/o  AlCl3-NaCl  melt  at  150  °C  (50).  The  nickel  composition  of  these 
electrodeposits  was  shown  to  be  a  function  of  potential,  but  not  the  Ni(II)  concentration  in 


the  melt.  The  co-deposition  of  aluminum  was  described  as  an  underpotential  process 
occurring  simultaneously  with  nickel  deposition. 

1.1.5  Fundamentals  of  the  Electrodeposition  of  Metals 

The  process  of  electrodeposition,  more  commonly  known  as  electroplating,  is  a  simple 
electrolysis  experiment  in  which  an  oxidized  species  is  reduced  to  a  solid  on  the  surface  of  a 
cathode.  This  surface  can  be  as  small  as  a  sub-millimeter  wire  and  as  large  as  a  truck  bumper. 
The  process  of  electrodeposition  can  be  broken  down  into  three  basic  steps:  (z)  formation  of 
stable  metal  (M)  adatoms  on  a  substrate  (S),  (if)  nucleation  of  a  new  metal  phase,  and  (Hi) 
growth  of  crystals  in  the  metallic  bulk  phase.  In  terms  of  the  potentials  required  to  initiate 
the  electrodeposition  process,  there  are  two  limiting  pathways  defined  as  underpotential 
deposition  (UPD)  and  overpotential  deposition  (OPD)  (20).  Which  of  these  limiting  cases 
predominates  is  determined  by  the  relative  magnitudes  of  the  interaction  energy  between  the 
metal  adatoms  and  the  substrate,  Y^.s,  and  between  individual  metal  adatoms,  Y^.m- 

In  UPD,  deposits  form  at  potentials  more  positive  than  the  equilibrium  potential,  E^, 
of  the  M"^/M  couple.  Simply  put,  the  interaction  between  the  metal  and  the  substrate  is 
stronger  than  the  attraction  between  metal  adatoms.  This  causes  the  metal  to  deposit  positive 
of  its  equilibrium  potential.  The  underpotential  is  defined  as 


There  are  two  UPD  models:  (i)  the  “Frank- Van  der  Merwe”  mechanism  characterized  by 
two-dimensional  growth  of  monolayers  (Figure  1.5b);  and  (//)  the  “Stranski-Krastanov” 
mechanism,  which  involves  two-dimensional  monolayer  growth  followed  by  three- 
dimensional  crystal  growth  (Figure  1.5c).  Experimentally,  UPD  is  usually  seen  on  metal 
substrates  more  noble  than  the  depositing  metal. 

If  is  significantly  less  than  then  OPD  may  occur.  The  overpotential  is 
defined  as 


^=E-E,^<0  [1.6] 

where  E  represents  the  potential  at  which  nucleation  is  actually  observed.  OPD  is  embodied 
by  the  “Volmer-Weber”  mechanism  of  three-dimensional  nucleation  and  crystal  growth  and 
is  depicted  in  Figure  1 .  5a  (20).  The  nucleation  of  a  new  phase  begins  by  the  potential-induced 
supersaturation  of  the  active  sites,  most  likely  surface  defects,  on  the  substrate  surface.  This 
is  followed  by  the  formation  of  stable  clusters  of  adatoms.  The  number  of  adatoms  required 
to  form  a  stable  metal  cluster,  known  as  the  critical  number,  n^,  is  dependent  on  both  the 
metal  and  substrate.  The  rate  of  formation  of  nuclei  is  dependent  on  the  magnitude  of  the 
overpotential. 

The  current  i(t)  associated  with  the  nucleation  process  is  considered  to  be  the 
convolution  of  the  number  density  of  nuclei  as  a  function  of  time,  N(t),  and  the  number 
density  of  growing  centers  as  a  function  of  time,  g(f),  for  an  isolated  nucleus  (51,  52) 
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Figure  1.5.  Crystal  growth  mechanisms  for  overpotential  and  underpotential  deposition, 
(a,  top)  Volmer-Weber.  (b,  middle)  Frank-Van  der  Merwe.  (c,  bottom)  Stranski- 
Krastanov. 


*(t)  =  Jo‘g(u)(a//(t)/0t)  du 


[1.7] 


N(f)  is  usually  assumed  to  follow  a  Poissonian  type  law.  In  other  words,  all  active  sites  have 
the  same  probability  for  the  formation  of  nuclei.  If  the  total  number  of  possible  active  sites 
imder  a  particular  experimental  condition  is  defined  as  (cm'^),  then  the  rate  of  appearance 
of  stable  growth  centers  can  be  assumed  to  follow  first-order  kinetics.  In  this  event,  the 
number  density  of  nuclei  is  given  by  the  following  equation  (53). 

77(0  =  ^o{  1 -exp(J/)}  [1-8] 

Where  (s"')  is  the  nucleation  rate  constant  per  active  site.  In  the  limiting  case  where 
A^t»  1,  Equation  1.8  becomes 


m)=K  [1-9] 

On  the  other  hand,  for  small  values  of  A^t  the  number  density  of  nuclei  is  given  by 

Nit)  =  N,A,t  [1.10] 

The  limiting  cases  described  by  Equations  1 .9  and  1 . 1 0  are  referred  to  as  instantaneous  and 
progressive  nucleation,  respectively  (53,54).  These  models  have  been  used  extensively  to 
describe  nucleation  on  foreign  substrates.  In  instantaneous  nucleation,  all  of  the  nuclei  form 
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simultaneously  and  grow  at  the  same  rate.  In  progressive  nucleation,  nuclei  form  sequentially 
and  at  different  rates  (55).  These  models  are  differentiated  by  kinetic  or  diffusion  control,  by 
the  shape  of  the  nuclei,  and  by  whether  the  diffusion  of  metal  ions  to  the  growing  nuclei  is  a 
two-dimensional  (planar)  or  three-dimensional  (hemispherical)  process  (53).  The  diffusion- 
limited  three-dimensional  instantaneous  and  progressive  models  have  been  found  to  be 
applicable  to  most  metal  deposition  reactions  in  the  AlClj-MeEtimCl  molten  salt  system  (56). 
If  it  is  assumed  that  the  nuclei  that  form  are  hemispherical  or  cylindrical  in  shape  and  that  the 
deposition  is  under  either  pure  kinetic  or  diffusion  control,  then  by  using  Faraday’s  law  and 
Pick’s  eqrxations  with  the  appropriate  boundary  conditions.  Equation  1 .7  reduces  to  (51-53) 

i{t)  =  at^  [1.11] 

where  a  is  a  dimensionless  parameter  containing  information  about  the  nucleation  rate  and 
n  takes  values  between  1  and  3,  depending  on  the  electrodeposition  mechanism.  The  values 
of  a  and  n  corresponding  to  several  different  mechanisms  are  collected  in  Table  1.1. 

1.1.6  Three-dimensional  Nucleation 

The  growth  of  stable  nuclei  can  be  described  by  semi-infinite  radial  diffusion  of  the 
depositing  species  to  the  growing  nucleus  (57).  It  is  infelicitous  that  the  kinetics  of  metal 
nucleation  caimot  be  linked  to  the  growth  of  a  single  nucleus  multiplied  by  the  total  number 
of  nuclei.  As  a  nucleus  begins  to  form,  a  diffusion  field  forms  about  its  center  of  activity. 
This  field  may  be  a  two-  or  three-dimensional  field  and  can  affect  the  formation  of  other 


Table  1 . 1  Mathematical  models  describing  kinetic  and  diffusion  controlled  three 
dimensional  nucleation. 
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nuclei  in  its  vicinity.  Therefore,  the  current  for  the  actual  growth  of  n  number  of  nuclei  will 
be  less  than  the  combined  currents  for  growth  of  n  individual  nuclei  (58).  A  second 
consequence  of  radial  groAvth  is  the  depletion  of  the  deposition  species  in  the  direct  vicinity 
of  the  forming  nuclei,  resulting  in  inhibition  of  the  formation  of  new  nuclei.  This  “exclusion 
zone”  reduces  the  probability  of  finding  another  nucleus  in  close  proximity  and  therefore 
reduces  to  a  finite  number  the  nuclei  in  a  given  area  (59, 60). 

Nucleation  processes  are  typically  investigated  by  using  potential-step 
chronoamperometry.  A  detailed  discussion  of  this  technique  is  found  in  Chapter  Two.  A 
typical  nucleation  transient  for  such  a  potential-step  experiment  is  seen  in  Figure  1 .6.  When 
the  potential  pulse  is  initiated,  a  current  appears  due  to  the  charging  of  the  electrode-solution 
double  layer.  After  this  current  decays,  another  rise  in  current  is  seen  due  to  the  formation 
and  growth  of  metal  nuclei.  The  ciurent  reaches  a  maximum,  when  the  diffusion  zones  of 
the  individual  nuclei  begin  to  overlap.  The  time  corresponding  to  the  current  maximum  is 
designated  as  As  the  current  falls,  it  begins  to  approach  the  value  expected  for  linear 
diffusion  to  a  planar  surface  (61).  Often,  the  nucleation  mechanism  can  be  determined  by 
examining  the  rising  current  in  the  chronoamperometric  transient.  To  do  this,  the  rising 
current  is  plotted  versus  t  according  to  Equation  1.11.  The  value  of  n  that  yields  a  linear  plot 
is  then  compared  to  those  in  Table  1 .1  in  order  to  deduce  the  mechanism. 

A  better  method  to  determine  the  applicability  of  nucleation  models  is  to  compare 
current-time  transients  derived  from  potential-step  experiments  to  the  theoretical  transients 
for  different  mechanisms.  The  dimensionless  current  for  three-dimensional  instantaneous  and 
progressive  nucleation  is  described  by  Equations  1.12  and  1.13,  respectively. 
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Current  (A) 


Figure  1.6  Current-time  transient  showing  the  effects  of  nucleation. 
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1.9542/(/‘/0  {1-exp  [-1.2564(//0]}^ 


[1.12] 


=  1.2254/(/‘/0  (l-exp  [-2.3367(^/0']}'  [1.13] 

Nucleation  that  falls  between  these  two  extreme  cases  is  considered  to  be  progressive 
nucleation,  but  at  a  finite  number  of  active  sites.  The  dimensionless  current-time  transients 
for  this  type  of  nucleation  are  given  by  the  following  (62): 

^  =  (l/tj{l-exp[-x(t/tj+a(l-exp(-x  /a(t/0]}7{l-exp[-x+a(l-exp(-x/a)]}^  [1.14] 

Equation  1.14  contains  the  adjustable  parameters  a  and  x  that  provide  information  about  A^ 
and  Nq.  For  the  limiting  cases  of  instantaneous  and  progressive  nucleation,  x  approaches 
1 .2564  and  2.3367,  while  a  approaches  zero  and  infinity  respectively.  In  the  limiting  case  of 
progressive  nucleation,  the  ratio  AJN^  -  0  (63).  In  this  case,  A^  andiVo  can  not  be  determined 
separately,  and  the  nucleation  kinetics  must  be  analyzed  in  terms  of  the  steady-state  nucleation 
rate,  cm  ').  A  convenient  relationship  for  calculating  ^tA/g,  which  uses  information 

from  both  and  is  the  following  (64): 

A^,  =  0.3864(nFCsb(n:;^)V(C  C^^)  [1.15] 

^  =  4/3[(87rCs,(„,;/kO/p]'^^  [1.16] 
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where  A  represents  the  electrode  area  and  is  a  delay  time  corrected  form  of  explained 
below,  and  Mand  p  are  the  molecular  weight  and  density  of  the  metal  deposit,  respectively. 
The  saturation  nuclear  number  density,  is  the  nuclear  number  density  observed  at  long 
times  after  the  development  of  new  nuclei  and  the  arrest  of  their  growth  by  the  formation  of 
nucleation  exclusion  zones  around  the  growing  nuclei.  is  calculated  from^jA/o  according 
to  Equation  1.17  (65). 


[1.17] 

According  to  the  atomistic  theory  of  nucleation,  the  slope  of  a  plot  of  log(.(4,)  versus  r|  gives 
information  about  the  critical  number  of  atoms  required  for  the  formation  of  stable  clusters, 
(66).  «(.  is  related  to  this  slope  by  Equation  1.18,  where  k  is  the  Boltzmann  constant,  is 
the  elementary  charge,  and  a  is  the  cathodic  transfer  coefficient  (67). 

~  (2.303A;7yneo)[dlog(/lt)/dT|]-a  [1-18] 

An  optimal  method  for  the  elucidation  of  potential-time  transient  data  is  to  compare 
the  experimental  dimensionless  curve  (/(0/U  versus  (t/tj  with  that  predicted  by  theory.  A 
non-linear  algorithm  is  used  to  determine  the  values  of  a  and  x  that  provide  the  best  fit.  A 
correction  factor  for  the  dely  time  preceding  nucleation,  is  also  necessary.  This  correction 
factor  accounts  for  the  time  lapse  between  the  start  of  the  transient  and  the  beginning  of  the 
nucleation  process.  The  term,  is  estimated  from  the  x-intercepts  of  graphs  of  or 
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versus  t  for  instantaneous  of  progressive  nucleation,  respectively.  Alternatively, 
can  be  a  fitted  parameter  along  with  a  and  x  in  Equation  1.14.  In  the  work  described  herein, 
the  best  values  of  a,  x,  and  were  found  by  using  a  Marquardt-Levenberg  non-linear 
algorithm  based  curve  fitting  program.  The  correction  factor,  is  then  subtracted  from  all 
of  the  t  values,  including  The  result  is  f,  and  where  f  =  t-t„  and  - 1„.  Once  a, 

X,  and  have  been  established,  it  is  possible  to  determine  and  A,  from  the  following 
relationships  (68): 


N,==(x/  p)‘/^  [1.19] 

A,  =  (A„7tD,(87tQM/  p)''"  /  a)  [1 .20] 

The  information  obtained  about  the  nucleation  mechanisms  gives  information  about  the  initial 
phases  of  nucleation  and  crystal  growth  during  the  electrodeposition  of  metals  and  their 
alloys. 

1.2  Objectives 

The  objectives  of  this  research  project  were  to  exploit  the  aprotic  nature  and  other 
properties  of  the  AlClj-MeEtimCl  molten  salt  for  the  electrodeposition  of  transition  metal  and 
transition  metal-aluminum  alloys.  Specifically,  the  objectives  were:  i)  to  probe  the 
electrochemistry  of  antimony,  cobalt,  and  iron;  ii)  to  determine  if  the  electrodeposition  of  Sb- 
Al,  Co-Al,  and  Fe-Al  alloys  from  acidic  AlClj-MeEtimCI  molten  salts  is  possible;  in)  to 


determine  the  effects  of  applied  potential,  current  density,  and  the  AlClj-MeEtimCl  ratio  on 
the  composition  and  morphology  of  the  alloy  deposits;  iv)  to  elucidate  the  electrodeposition 
mechanism(s)  leading  to  the  formation  of  these  alloys;  v)  to  demonstrate  that  metal-aluminum 
alloy  deposition  can  occur  by  co-deposition  of  aluminum  at  potentials  positive  of  the  bulk 
deposition  of  aluminum;  vi)  to  obtain  thermodynamic  data  about  the  couples  and 

transport  data  about  the  species. 


CHAPTER  II  EXPERIMENTAL 


2.1  Chemicals. 

Aluminum  chloride,  AICI3  (Fluka,  puriss),  was  purified  by  sublimation  three  times  in 
a  special  apparatus  inside  a  dry  nitrogen  filled  glove  box  (70).  The  resulting  purified  AICI3 
was  crushed  and  stored  in  the  glove  box  in  an  air-tight  container. 

l-Methyl-3-ethylimidazolium  chloride  was  prepared  according  to  the  method 
described  by  Wilkes  et  al.  (13)  All  steps  in  this  procedure  were  carried  out  under  vacuum 
or  dry  nitrogen  on  a  Schlenk  line.  1  -Methylimidazole  (Aldrich,  99%)  was  purified  by  vacuum 
distillation  from  NaH  then  combined  with  an  excess  of  ethyl  chloride  in  a  Pyrex  glass  pressure 
vessel.  Once  the  addition  was  complete,  the  reaction  flask  was  sealed  and  placed  in  a  60  °C 
water  bath  for  approximately  seven  days.  Any  unreacted  ethyl  chloride  was  removed  under 
vacuum  once  the  reaction  was  complete.  The  crude  salt  was  purified  by  carrying  out  three 
successive  recrystallizations  from  solutions  of  acetonitrile  and  ethyl  acetate.  The  pure 
MeEtimCl  was  melted  at  ca.  80  “C  and  evacuated  to  remove  any  remaining  solvent.  It  was 
then  poured  into  an  aluminum  tray  to  solidify.  The  solid  was  then  broken  into  chunks  and 
stored  in  the  glove  box  in  an  air-tight  container. 

The  preparation  of  the  AlCl3-MeEtimCl  molten  salt  was  accomplished  by  combining 
the  proper  weights  of  the  two  components  in  a  sealed  jar.  Due  to  the  highly  exothermic 
nature  of  the  reaction  between  MeEtimCl  and  AlC^the  AICI3  was  added  slowly  to  the 
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MeEtimCl  with  vigorous  stirring.  The  resultant  melt  was  a  eolorless  or  nearly  colorless 
liquid,  depending  on  the  purity  of  the  reactants  and  the  acidity  of  the  melt. 

The  melt  was  purified  by  electrolysis  between  two  3  mm  diameter  aluminum  rods 
{jEsar,  99.995%)  at  a  current  density  of  ca.  0. 1  mA  cm'l  The  melt  was  then  filtered  through 
a  medium  porosity  sintered  glass  filter  and  transferred  to  a  high  vacuum  round  bottom  flask. 
The  filtered  solution  was  evacuated  with  a  diffusion  pump  to  <  5  x  10'^  torr  for  24  hours  in 
order  to  remove  any  protons  as  HCl.  After  this  treatment  was  completed,  the  melt  was  stored 
over  aluminum  wire  in  a  screw  top  Erlenmeyer  flask  in  the  glove  box. 

2.2  Equipment 

The  preparation  of  the  AlCl3-MeEtimCl  molten  salt  and  all  experiments  were  carried 
out  in  a  nitrogen-filled  Kewauee  Scientific  Equipment  Corporation  (KSE)  glove  box.  The 
glove  box  was  equipped  with  a  KSE  Model  2C2500/30  ft^  min'  inert  gas  purifier.  The 
atmospheric  quality  was  continuously  monitored  with  a  25  W  light  bulb  whose  filament  was 
exposed  to  the  glove  box  atmosphere  (71).  The  glove  box  columns  contain  both  molecular 
sieves  and  a  BASF  proprietary  copper  catalyst  for  the  removal  of  water  and  oxygen, 
respectively.  The  columns  were  regenerated  as  needed  by  passing  a  nitrogen-hydrogen 
mixture  through  the  heated  purification  columns. 

All  of  the  electrochemical  experiments  were  carried  out  using  an  EG  &  G  Princeton 
Applied  Research  Corporation  (PARC)  Models  173  or  273  potentiostat  equipped  with  a 
Model  179  digital  coulometer  plug-in-module  and  a  PARC  Model  175  universal  programmer. 
The  Model  273  potentiostat  was  interfaced  to  a  386x  computer.  A  Pine  RDE3  bipotentiostat 
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was  used  for  RRDE  voltammetry.  Analog  data  were  recorded  with  a  Linseis  Model  1 600  X- 
Y/Y-t  recorder,  this  recorder  was  coupled  to  a  Hewlett  Packard  Model  3393A  digital 
integrator.  Electronic  resistance  composition  was  utilized  during  all  electrochemical 
experiments.  Controlled  electrode  rotation  was  carried  out  with  a  Pine  Instruments  Model 
AFMSR  rotator. 

2.2.1  Electrochemical  Cells  and  Electrodes 

Several  different  metals  served  as  the  working  electrode  during  this  project,  and  the 
preparation  of  each  is  listed  below.  Aluminum  wire  (Alfa  Msar  Puratronic,  1 .0  mm  diameter, 
99.999  %)  was  used  in  the  construction  of  reference  and  counter  electrodes  and  was  added 
to  storage  flasks  containing  acidic  melt.  The  surface  of  this  wire  was  cleaned  by  scraping  it 
with  a  stainless  steel  spatula  inside  the  oxygen-free,  nitrogen-filled  glove  box  to  remove  as 
much  of  the  oxide  film  on  the  aluminum  surface  as  possible. 

Cobalt  wire  (Alfa  jEsar  Puratronic,  1.0  mm  diameter,  99.997  %)  was  sanded  with 
emery  paper,  rinsed  with  acetone,  and  dried  under  vacuum  prior  to  use.  Cobalt(II)  was 
introduced  into  the  melt  through  the  controlled-potential  anodization  of  this  wire  at  an  applied 
potential  of  1 .4  V. 

Iron  wire  (Johnson  Matthey  Electronics,  2.0  mm  diameter,  99+  %)  was  sanded  with 
emery  paper,  rinsed  with  acetone,  and  dried  under  vacuum  prior  to  use.  Iron(II)  was 
introduced  into  the  melt  through  controlled-potential  anodization  of  an  iron  wire  eleetrode 
at  an  applied  potential  of  1 .2  V. 
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Antimony  rod  (Alfa^i'ar  Puratronic,  12.5  mm  diameter,  99.9  %)  was  cut  to  a  size 
that  fit  the  electrochemical  cell,  dipped  into  concentrated  hydrochloric  acid,  rinsed  with 
acetone,  and  dried  under  vacuum  prior  to  use.  Antimony  was  introduced  into  the  melt 
through  the  controlled-potential  anodization  of  an  antimony  rod  at  an  applied  potential  of  1 .3 
V. 

Several  different  working  electrodes  were  used  during  this  research  project.  Teflon- 
sheathed  platinum  (0.126  cm^  and  0.196  cm^),  tungsten  (0.196  cm^),  gold  (0.126  cm^),  and 
glassy  carbon  (0. 1 96  cm^)  rotating  disk  electrodes  and  a  platinum  rotating  ring-disk  electrode 
(r,  =  2.29,  rj  =  2.46,  and  =  2.69  mm)  were  obtained  from  Pine  Instrument  Company.  All 
working  electrodes  were  polished  to  a  mirror  finish  prior  to  each  use  with  0.3  pm  and  0.05 
pm  alumina  slurries  on  a  Buhler  Metaserv  grinder/polisher.  The  electrodes  were  washed  with 
deionized  water  and  dried  under  vacuum  in  the  antechamber  of  the  glove  box  prior  to  use. 

The  primary  electrochemical  cell  used  for  this  research  was  a  Pyrex  glass  cup  with  a 
Teflon  lid;  both  were  constructed  in  this  laboratory.  The  lid  accommodated  four  holes  for  the 
insertion  of  electrodes  and  allowed  the  insertion  of  a  small  Pyrex-sheathed  thermocouple. 
The  reference  electrode  was  an  aluminum  wire  immersed  in  60.0-40.0  m/o  melt  isolated  from 
the  analyte  solution  by  a  fine  porosity  glass  frit.  All  potentials  given  in  this  dissertation  are 
reported  against  the  A1(III)/A1  couple  in  the  60.0-40.0  m/o  AlClj-MeEtimCl  melt.  Two  types 
of  counter  electrodes  were  used,  depending  on  the  type  of  experiment  to  be  undertaken.  The 
first  was  identical  to  the  reference  electrode;  the  second  was  one  of  the  wire  eleetrodes 
described  above. 
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2.2.2  Analysis  of  Bulk  deposits 

Compositional  analyses  of  the  electrodeposits  were  carried  out  with  scanning  electron 
microscopy  (SEM)  and  energy  dispersive  x-ray  spectroscopy  (EDS).  Samples  were 
electrodeposited  on  1  mm  diameter  copper  or  nickel  wire  substrates.  SEM  and  EDS  analyses 
were  carried  out  on  either  the  as-deposited  surface  or  the  powder  resulting  from  a  non¬ 
adherent  deposit.  For  quantitative  analysis,  the  EDS  results  were  referenced  to  pure  metal 
(aluminum,  cobalt,  iron,  and  antimony )  standards.  SEM  was  also  used  to  investigate  the  as- 
deposited  surface  morphology  of  the  electrodeposits.  Bulk  deposits  were  also  analyzed  by 
atomic  absorption  spectroscopy  (AAS)  using  a  Perkin-Elmer  Model  23  80  Atomic  Absorption 
Spectrophotometer. 

2.3  Electrochemical  Techniques 

The  electrochemical  techniques  employed  in  this  study  included  controlled-potential 
electrolysis,  chronoamperometry,  cyclic  voltammetry,  rotating-disk  and  ring-disk  electrode 
voltammetry,  and  anodic  linear  sweep  voltammetry  (ALSV).  In  controlled-potential 
electrolysis  experiments,  the  working  electrode  is  held  at  a  fixed  potential  either  positive  or 
negative  of  the  equilibrium  potential,  E^,  to  effect  the  electrodissolution  or  electrodeposition 
of  the  metal(s)  in  or  from  solution,  respectively.  For  electrodissolution,  the  metal  is  the 
working  electrode  and  is  anodized  into  solution  to  generate  a  melt  solvated  reducible  metal 
ion.  The  valence  of  the  cation,  n,  can  be  determined  using  the  following  relationship; 


«  =  6exp  M/FAw 


[2.1] 


where  is  the  total  charge  passed  during  the  electrolysis  and  Aw  is  the  weight  lost  by  the 
working  electrode.  It  is  possible  to  prepare  solutions  of  precisely  known  concentrations  using 
this  technique. 

Bulk  electrodeposition  is  the  converse  of  bulk  electrodissolution.  In  bulk 
electrodeposition,  the  potential  is  held  negative  of  and  depending  on  the  potential  either 
the  metal  of  interest  or  a  metal-aluminum  alloy  can  be  reduced  onto  the  working  electrode. 
The  substrate  on  which  the  metal  is  deposited  was  most  often  a  copper  wire.  However,  gold 
coated  glass  slides,  nickel  wire,  and  platinum  flags  ca.  0. 1  mm  thick  and  5  mm  wide  cut  fi-om 
a  platinum  sheet  were  also  used.  Chronoamperometry,  one  of  the  simplest  of  the 
electrochemical  techniques,  utilizes  a  stationary  working  electrode  in  an  unstirred  solution 
held  at  an  initial  potential,  E^,  where  no  electrochemical  reactions  occur.  The  potential  of  the 
working  electrode  is  then  stepped  to  a  second  potential,  E2,  and  the  resulting  current-time 
transient  is  recorded.  In  a  chronoamperometric  experiment  involving  a  diffusion-controlled 
reaction,  once  the  potential  step  is  initiated  and  the  Faradaic  process  begins,  the  absolute 
value  of  the  current  increases  sharply  due  to  an  instantaneous  reduction  or  oxidation  of  the 
electroactive  species  in  the  vicinity  of  the  electrode  surface.  The  current  will  decay  with  t 
as  the  diffusion  layer  around  the  electrode  grows  outward  from  the  electrode  surface.  The 
Cottrell  equation  gives  the  relationship  between  the  current  and  the  elapsed  time  (72): 

iit)  =  nFAD.^'^C*  [2.2] 
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where  n,  F,  and  A  have  their  usual  meaning  and  D^and  C*  are  the  diffusion  coefficient  and 
the  bulk  concentration  of  the  solute  undergoing  oxidation  or  reduction,  respectively.  Because 
much  of  this  research  involves  the  comparison  of  results  from  electrodes  with  different  areas, 
the  units  of  current  density  (/)  are  often  used  in  place  of  the  eurrent  (/).  The  current  density 
is  obtained  by  dividing  the  current  by  the  area  of  the  electrode. 

Chronoamperometric  data  were  taken  at  different  values  of  E2  and  used  to  construct 
a  sampled-current  voltammogram,  i.e.,  a  plot  of  /(/)  versus  E2  for  a  fixed  t.  As  is  seen  for 
other  forms  of  polarography,  the  current  eventually  reaches  a  maximum  value  called  the 
limiting  current,  //,  as  a  result  of  diffusion-control.  The  diffusion  coefficient  of  the  analyte 
ions  can  be  determined  from  i,  and  Equation  2.1.  This  technique  also  gives  information  about 
details  of  the  electrode  process.  For  example,  if  the  electrode  process  is  diffusion  controlled, 
then  the  Cottrell  equation  can  be  applied  and  a  plot  of  t  should  be  linear  and  pass  through 
the  origin.  The  potential-step  technique  is  also  useful  for  the  elucidation  of  nucleation 
mechanisms  as  discussed  in  Chapter  One. 

In  linear-sweep  voltammetry,  the  potential  of  the  working  electrode  is  changed  linearly 
between  selected  potentials  E^  and  E2  while  the  electrode  sits  at  rest  in  an  imstirred  solution. 
The  rate  of  potential  change  is  called  the  scan  rate,  v  (V  s"’).  As  the  potential  is  changed,  the 
current  response  is  recorded  with  the  sweep  being  halted  when  the  final  potential,  E2,  is 
reached.  The  current  response  is  due  to  the  reduction  or  oxidation  of  the  electroactive 
species  in  solution. 

Cyclic  voltammetry  is  simply  an  extension  of  linear-sweep  voltammetry.  In  cyclic 
voltammetry,  the  voltage  scan  of  the  working  electrode  in  the  unstirred  solution  is  the  same 
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as  that  of  linear  sweep  voltammetry,  except  that  at  the  end  of  the  forward  sweep  the  scan  is 
reversed  at  some  switching  potential,  at  which  point  the  potential  is  scanned  back  to  the 
initial  potential.  Often,  the  range  between  and  E)^  is  chosen  to  span  the  entire 
electrochemical  window  of  the  solution  to  ensure  that  all  possible  electrochemical  reactions 
are  detected.  The  current  observed  in  cyclic  voltammetry  is  due  to  the  oxidation  or  reduction 
of  the  electrochemical  species  in  solution  at  the  electrode  surface.  This  current  is 
proportional  to  the  concentration  gradient  of  the  electrochemical  species,  (dCldx),  where  dC 
represents  the  concentration  difference  between  the  bulk  solution  and  the  electrode  surface 
and  dx  represents  the  diffusion  layer  thickness.  As  the  potential  is  scanned  toward  the 
switching  potential  E^,  the  function  (dCldx)  ^  =  q  ,  where  dC  =  C*  -  Q  (£),  will  increase 
because  dC  increases  faster  than  dx  increases;  consequently,  the  current  will  increase.  After 
the  peak  current  is  reached,  the  current  will  decrease  because  (dC/dx)  ^  =  o  decreases  as  dx 
increases,  dC  having  reached  its  maximum  possible  value,  C*.  The  peak  current  is  described 
by  the  Randels-Sevcik  equation.(72) 

ip  =  2.69  X  10^ « C*  at  25  "C  [2.3] 

Figure  2.1a  illustrates  the  typical  shape  of  a  cyclic  voltammogram  for  a  freely  diffusing 
reversible  electrode  couple,  Ox  +  «e'  Red.  This  voltammogram  has  a  number  of  typical 
features:  a  peak  reduction  current,  ip,  located  at  the  peak  potential,  Ep,  and  on  the  reverse 
scan,  a  peak  cathodic  current,  ip,  located  at  the  anodic  peak  potential,  Ep.  The  shapes  of  the 
cyclic  voltammograms  for  the  deposition  and  stripping  of  metals  (see  Chapters  3-5)  are  rather 
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E  (V)  versus  (SCE) 


Figure  2.1  (a)  Typical  cyclic  voltammogram  for  a  freely  diffusing  reversible  electrode 
couple,  (b)  Cyclic  voltammogram  for  the  reduction  and  oxidation  of  a  metal  film  on  an 
electrode  surface. 


different  from  those  for  an  electrode  reaction  in  which  both  the  oxidized  and  reduced  species 
are  soluble.  Whereas  the  reduction  or  electrodeposition  wave  may  seem  typical  of  the  latter, 
the  oxidation  or  striping  wave  is  more  narrow  and  symmetrical.  This  result  is  representative 
of  the  oxidation  of  a  surface-bound  material. 

Rotating-disk  electrode  voltammetry  uses  the  same  potential  sweep  as  used  for  cyclic 
or  linear  sweep  voltammetry,  but  here  the  electrode  is  rotated  at  a  fixed  rate,  and  the  scan  rate 
is  slower.  By  rotating  the  electrode  at  a  fixed  rotation  rate,  (o  (s'*),  electroactive  species  are 
brought  to  the  electrode  surface  by  forced  convection,  and  the  cixrrent  does  not  decay  with 
time  as  seen  in  stationary  electrode  voltammetry.  The  result  of  rotating  the  electrode  is  that 
the  diffusion  layer  thickness  at  the  electrode  surface  remains  constant  at  a  given  rotation  rate, 
and  thus  the  diffusion  layer  thickness  is  constant.  A  comparison  between  stationary  and 
rotating  electrodes  is  shown  in  Figure  2.2.  The  magnitude  of  the  limiting  current  is  given  by 
the  Levich  equation(72) 


i,  =  0.62  nFAD^'^  C*  [2.4] 

where  o)  is  the  angular  velocity  of  the  electrode  with  units  of  s'',  (co  =  27i:  rps,  where  rps  is 
the  number  of  revolutions  per  second),  v  (cm^  s'')  is  the  kinematic  viscosity,  and  the  other 
quantities  have  their  usual  meaning.  Rotating-disk  electrode  voltammetry  can  be  used  as  a 
tool  to  identify  surface  deposits.  For  example,  if  the  electroactive  species  is  not  deposited 
on  the  electrode  surface,  then  the  return  scan  will  simply  retrace  the  forward  scan  because  the 
reduced  product  is  swept  away  from  the  rotating  electrode.  Rotating-disk  voltammetry  is  the 
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preferred  technique  for  the  precise,  quantitative  determination  of  diffusion  coefficients, 
heterogeneous  electron  transfer  rate  constants,  and  some  homogeneous  rate  constants. 

Anodic  linear  sweep  voltammetry  (ALSV)  is  a  special  case  of  rotating-disk  electrode 
voltammetry.  ALSV  entails  two  steps:  i)  the  deposition  of  a  thin  layer  onto  the  surface  of  a 
rotating-disk  electrode  by  controlled-potential  electrolysis  and  ii)  a  slow  scan,  (0.002  V  s’^) 
from  in  which  the  deposit  is  stripped  from  the  electrode  surface.  As  the  potential  is 
scanned  from  toward  more  positive  potentials,  different  components  of  the 
electrodeposited  film  will  be  oxidized  at  their  respective  reversible  potentials,  revealing 
thermodynamically  distinct  phases  in  the  deposit.  ALSV  affords  a  quantitative  look  at  each 
phase  of  an  alloy  because  the  quantity  of  each  phase  is  proportional  to  the  total  charge  of  its 
representative  stripping  waves.(66,73) 

Rotating  ring-disk  electrode  (RRDE)  voltammetry  experiments  are  another  method 
for  gaining  quantitative  insight  (74-76)  into  each  phase  of  an  alloy  film.  An  RRDE  consists 
of  an  electrode  disk  surrounded  by  a  ring  (usually  of  the  same  material)  separated  by  a  thin 
insulating  gap.  RRDE  voltammetry  typically  utilizes  a  bipotentiostat  that  enables  both  the 
disk  and  ring  to  be  held  or  swept  at  different  potentials  using  the  same  reference  and  counter 
electrodes.  The  current  at  the  disk  is  described  by  Equation  2.3  whereas  the  current  at  the 
ring  is  given  by  Equation  2.5 

4  =  [2.5] 
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where  r^  is  the  radius  of  the  disk,  r.^  is  the  distance  from  the  center  of  the  disk  to  the  inner 
edge  of  the  ring,  and  is  the  distance  from  the  center  of  the  ring  to  the  outer  edge  of  the  ring. 
The  most  common  type  of  experiment  preformed  with  the  RRDE  is  a  collection  experiment. 
Here  the  disk  is  held  at  a  cathodic  potential  sufficient  to  generate  the  reduced  species  at  the 
disk  at  the  mass-transport  limited  rate  while  the  ring  is  held  at  a  more  positive  potential. 

The  RRDE  thin-layer  deposition-stripping  experiments  conducted  during  this 
investigation  are  similar  in  principle  to  those  described  by  Andricacos  et  al.(12,  77, 78)  and 
Bruckenstein  (74-76).  In  these  ALSV-RRDE  experiments,  a  thin  film  is  first  deposited  onto 
the  disk  electrode  by  holding  the  potential  at  the  desired  potential  as  determined  from  the 
sampled-current  voltammograms,  while  the  ring  electrode  is  held  at  a  potential  high  enough 
so  that  no  reduction  of  the  metal  ions  of  interest  occurs.  During  the  anodic  dissolution  step, 
the  ring  electrode  potential,  is  held  at  a  value  that  results  in  the  oxidation  of  the  metal  ions 

of  one  of  the  alloy  components  produced  at  the  disk.  For  example,  during  the  anodic 
dissolution  of  Ni-Fe  alloys,  both  iron(II)  and  nickel(II)  are  produced  at  the  disk  electrode,  and 
is  set  to  a  value  where  iron(II)  is  oxidized  to  iron(III).  Because  nickel(II)  cannot  be 
oxidized  within  the  potential  window  of  the  solvent,  the  oxidation  waves  that  correspond  to 
the  dissolution  of  iron  from  the  alloy  deposit  can  be  identified  by  observing  the  ring  current 
as  a  function  of  the  disk  potential  (77).  The  alloy  composition  can  be  calculated  from  the  ring 
and  disk  charges,  and  respectively,  and  knowledge  of  the  experimental  collection 
efficiency,  of  the  RRDE  electrode. 


CHAPTER  III.  ELECTRODEPOSITION  OF  COBALT 


3.1  Anodization  of  cobalt 

Solutions  of  cobalt(II)  in  the  60.0-40.0  m/o  AlCl3-MeEtimCl  melt  were  prepared  by 
the  controlled-potential  coulometric  anodization  of  a  coiled  cobalt  wire  working  electrode  at 
an  applied  potential  of  1 .4  V  versus  A1(III)/A1.  To  ensure  that  cobalt(II)  was  the  anodization 
product,  the  change  in  weight  of  the  cobalt  electrode  was  determined  after  the  passage  of  a 
given  charge,  The  data  produced  during  several  such  controlled-potential  coulometry 
experiments  are  given  in  Table  3.1 .  In  this  table,  is  the  change  in  the  weight  of  the 
cobalt  electrode,  is  the  number  of  moles  of  cobalt  corresponding  to  this  weight  change, 
and  0theory("  =  1)  IS  the  theoretical  charge  based  on  for  «  =  1 .  These  calculations  confirm 
that  cobalt(II)  was  the  anodization  product. 

Nemst  plots  were  constructed  from  data  obtained  during  the  coulometry  experiments 
described  above  in  order  to  determine  the  formal  potential,  E°' ,  of  the  Co(II)/Co  couple. 
These  data  were  obtained  by  periodically  interrupting  these  experiments  after  the  passage  of 
various  fractions  of  2exp  then  measuring  the  equilibrium  cell  potential,  under  open 
circuit  conditions.  The  average  intercepts  of  four  Nemst  plots  yielded  E° '  =  0.86  ±  0.02  V. 
The  slopes  of  these  plots  gave  «  =  2.0  ±  0.2  in  good  agreement  with  the  anodic  dissolution 
results. 
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Table  3.1  Results  for  the  anodization  of  cobalt. 


AWco 

(g) 

lOVo 

(mol) 

5theoiy(^  ^ ) 

(C) 

Qexp 

(C) 

n 

0.1177 

19.97 

192.95 

385.9 

2.00 

0.0179 

3.04 

28.78 

59.14 

2.02 

0.0452 

7.67 

74.35 

148.69 

2.01 

0.0258 

4.38 

38.36 

76.72 

1.82 

0.0489 

8.29 

85.00 

170.00 

2.12 

avg:  2.0  +  0.2 
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3.2  Cyclic  and  rotating  disk  electrode  voltammetry  of  cobalt(Il) 

Figures  3.1  to  3.4  show  voltammograms  for  the  reduction  of  cobalt(II)  at  platinum, 
gold,  tungsten,  and  glassy  carbon  electrodes,  respectively,  in  an  unstirred  0.043  M  solution 
of  cobalt(II)  at  25  °C.  The  results  seen  with  each  of  these  electrodes  are  very  similar;  thus, 
only  the  results  at  platinum  will  be  described  in  detail.  The  cyclic  voltammograms  in  Figure 
3.1a  exhibit  broad  reduction  waves  on  the  forward  scan  with  a  peak  potential,  E^,  ca.  0.65 
V.  This  wave  is  due  to  the  electrodeposition  of  pure  cobalt. 

Co^^(solv)  +  2e“^  Co  [3.1] 

As  the  potential  was  scanned  below  about  0.4  V,  the  current  begins  to  rise  again,  indicating 
the  presence  of  yet  another  reduction  process. 

On  the  reverse  scan,  multiple  oxidation  waves  are  observed.  The  number  of  waves 
and  their  peak  potentials  are  highly  dependent  upon  E^.  For  an  E^  of  0.4  V  or  higher,  there 
is  a  single  oxidation  wave  at  ca.  1 .0  V.  This  wave  is  attributed  to  the  stripping  of  pure  cobalt 
as  the  potential  is  not  sufficiently  cathodic  to  cause  the  co-deposition  of  aluminum.  As  E^  is 
made  more  cathodic  than  0.4  V,  a  second  wave  with  a  peak  potential  ca.  0.75  V  begins  to 
grow,  shifting  anodically  as  E)^  is  lowered.  The  presence  of  the  second  wave  is  associated 
with  the  onset  of  the  second  reduction  process  during  the  forward  scan.  These  two  waves 
never  appear  as  two  distinct  entities,  but  instead,  they  always  seem  to  overlap.  At  E^  =  0.2 
V,  a  shoulder  begins  to  develop,  and  it  becomes  a  distinct,  third  stripping  wave  when  =  0 
V.  The  peak  potential  of  this  wave  shifts  cathodically  as  the  wave  becomes  more  distinct. 
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E  (V)  versus  A1(III)/A1 
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E  (V)  versus  A1(III)/A1 

Figure  3.2  Voltaminograms  recorded  at  a  gold  electrode  in  a  0.043  M  solution 
of  Co(II)  in  60.0-40.0  m/o  AlClj-MeEtimCl  at  25  ‘’C:  (a)  stationary  electrode  (scan 
rate  =  0.050  V  s'‘),  (b)  RDE  (rotation  rate  =  104.7  s'*). 
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E  (V)  versus  A1(III)/A1 

Figure  3.4  Voltammograms  recorded  at  a  glassy  carbon  electrode  in  a  0.043  M  solution 
of  Co(II)  in  60.0-40.0  m/o  AlCl3-MeEtimCl  at  25  ”C:  (a)  stationary  electrode  (scan  rate 

=  0.050  V  s‘^),  (b)  RDE  (rotation  rate=  104.7  s'*). 


Figures  3.1  to  3.4  show  RDE  voltammograms  for  the  reduction  of  cobalt(II)  at  the 
same  electrodes  that  were  used  to  acquire  the  stationary  electrode  cyclic  voltammograms. 
During  the  forward  scan,  the  current  reaches  a  well-defined  limiting-current  plateau  as  the 
potential  is  scanned  between  0.6  and  0.3  V.  At  about  0.3  V,  the  current  begins  to  rise  in  an 
almost  linear  fashion.  The  current  in  excess  of  the  limiting  current  is  attributed  to  a  second 
reduction  process  or  to  the  formation  of  a  dendritic  deposit.  Sampled-current  voltammograms 
were  collected  in  order  to  determine  whether  the  rise  in  current  seen  at  and  below  0.3  V  is 
due  to  the  formation  of  dendrites  or  to  the  co-deposition  of  aluminum  with  cobalt. 

3.3  Sampled-current  voltammetry  for  the  reduction  of  cobalt(II) 

Sampled-current  voltammograms  were  constructed  from  chronoamperometric 
current-time  transients  resulting  from  experiments  at  polycrystalline  platinum  in  unstirred 
solutions  of  cobalt(II).  In  these  experiments,  the  potential  was  stepped  from  an  initial  value 
of  1.5  V,  where  no  Faradaic  process  occurs,  to  potentials  ranging  from  0.8  to  0  V;  the 
solution  was  stirred  and  then  allowed  to  rest  before  the  application  of  each  potential  pulse. 
The  current  was  sampled  at  the  same  elapsed  time  for  each  current-time  transient  and  plotted 
as  a  function  of  potential.  In  order  to  insure  a  reproducible  response,  the  electrode  surface 
was  cleaned  by  stepping  the  rotating  electrode  to  1.8  V  for  60  s  before  each  potential  step 
experiment.  Unlike  the  usual  cyclic  and  rotating  disk  voltammetry  experiments,  these 
experiments  do  not  involve  the  deposition  of  large  amounts  of  material,  and  hence,  they  do 
not  foster  the  formation  of  dendritic  growths.  The  sampled-current  voltammograms  that 
resulted  from  these  experiments  are  shown  in  Figure  3.5.  These  voltammograms  exhibit  a 
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E{Y)  versus  A1(III)/A1 


Figure  3.5  Sampled-current  voltammograms  of  cobalt  for  the  reduction  of  cobalt  (II) 
at  a  platinum  rotating  disk  electrode  in  the  60.0-40.0  m/o  AlCL-MeEtimCl  melt  at  25  ”C 


limiting  current  when  the  potential  is  stepped  to  values  slightly  more  cathodic  than  0.6  V.  The 
current  begins  to  increase  above  the  limiting  current  at  potentials  more  cathodic  than  0.3  V. 
Plots  of  the  limiting  current  density, versus  the  inverse  square  root  of  the  sampling  time, 
f are  linear  as  predicted  by  Equation  2.4.  The  average  value  of  the  diffusion  coefficient  of 
cobalt(II),  T>co(ii)5  calculated  from  the  slope  of versus  t  plots  using  Equation  2.1,  and  the 
Stokes-Einstein  product,  where  t]  is  the  absolute  viscosity  and  T  is  the  absolute 

temperature,  were  determined  to  be  (3.4  ±  0.1)  x  10'^  cm^  s*'  and  (1.8  ±  0.1)  x  10  ‘“  g  cm  s'^ 
K',  respectively. 

The  rise  in  current  seen  in  Figure  3 .5  at  potentials  lower  than  0.3  V  is  attributed  to  the 
co-deposition  of  aluminum.  This  was  verified  by  EDS  analysis  of  cobalt  deposits  produced 
at  potentials  between  0.4  and  0  V.  The  formation  of  this  alloy  deposit  is  represented  by  the 
following  general  reaction 

jcCo^Xsolv)  +  4(l-x)Al2Cl7-  +  (3-x)e-  ^  Co,,Al,.,,  +  7(l-x)AlCl4-  [3.2] 

where  x  is  the  mole  fraction  of  cobalt,  1-x  is  the  mole  fraction  of  aluminum,  and  0  <  x  <  1 . 
Because  the  limiting  current  at  potentials  between  0.6  and  0.4  V  is  due  to  the 
electrodeposition  of  pure  cobalt 


[3.3] 
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it  is  possible  to  separate  the  partial  current  for  the  electrodeposition  of  aluminum  from  the 
total  current. 


^Ai  h~h  [3-4] 

The  composition  of  the  Co^Al  alloy  can  be  calculated  from  the  partial  currents  by  using  the 
following  equation. 

X  =  (iJ2y[(iJ2)  +(iJ3)]  =  (//2)/{(/,/2)+[(/t-^,)/3]}  [3.5] 

Figure  3.6  shows  the  alloy  composition  as  calculated  from  the  partial  currents  in  Figure  3.5 
using  Equation  3 .5.  The  co-deposition  of  aluminum  begins  at  ca.  0.4  V  and  increases  as  the 
potential  is  made  more  cathodic.  The  mole  fraction  of  aluminum  reaches  about  0.56  at  0  V 
prior  to  the  bulk  deposition  of  aluminum. 

3.4  Underpotential  deposition  of  cobalt 

If  the  current  in  the  potential  region  immediately  preceding  the  bulk  deposition  of 
cobalt  is  greatly  magnified,  then  a  broad  poorly-defined  reduction  wave  with  a  peak  potential 
of  ca.  0.84  V  is  observed  (Figure  3.7).  The  equilibrium  potential  of  the  Co(II)/Co  couple  in 
this  solution  is  ca.  0.6 1  V;  thus,  these  small  surface  waves  must  arise  from  the  imderpotential 
deposition  of  cobalt  on  platinum.  Integration  of  the  reduction  current  in  the  potential 
envelope  extending  from  1 .00  to  0.75  V  gives  a  charge  of  ca.  4.53  x  10'^  C.  (The  choice  of 
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the  potential  envelope  over  which  the  current  is  integrated  is  subjective;  therefore,  only 
approximate  UPD  charges  are  given  for  each  of  the  polycrystalline  metal  electrodes.) 
Assuming  a  roughness  factor  of  1.1,  the  charge  corresponding  to  the  electrodeposition  of  a 
monolayer  of  cobalt  on  the  platinum  RDE  used  in  these  experiments  is  estimated  to  be  about 
4.6  X 1 0'^  C.  Thus,  the  reduction  current  in  the  potential  envelope  described  above  represents 
the  deposition  of  approximately  one  monolayer  of  cobalt  on  the  platinum  substrate.  The 
underpotential  deposition  of  cobalt  can  also  be  seen  at  the  gold  RDE  (Figure  3.7b).  The 
prominent  features  in  the  voltammogram  are  the  symmetrical  reduction  wave  with  a  peak 
potential  at  ca.  1.0  V  and  an  associated  stripping  wave  centered  at  1.35  V.  Integration  of 
the  reduction  current  in  the  potential  envelope  extending  from  1 .25  to  0.80  V  yields  a  charge 
of  5.4  X  10'^  C.  This  charge  is  about  the  size  of  that  expected  for  the  deposition  of  a  cobalt 
monolayer  on  this  electrode  (4.6  x  10'^  C),  again  assuming  a  surface  roughness  factor  of  1 . 1 . 

In  order  for  a  cobalt-aluminum  alloy  to  form  at  potentials  more  positive  than  the 
equilibrium  potential  of  the  A1(III)/A1  couple,  there  must  be  a  free  energy  advantage  gained 
through  alloy  formation.  To  demonstrate  that  the  UPD  of  aluminum  can  occur  on  a  cobalt 
surface,  cyclic  voltammetric  experiments  were  conducted  at  a  polycrystalline  cobalt  disk 
electrode  in  blank  60.0-40.0  m/o  melt  (Figure  3.8).  The  cobalt  working  electrode  was  slowly 
scarmed  between  0.80  to  0  V.  The  only  species  available  for  reduction  in  pure  melt  at  these 
potentials  is  Al2Cl7'.  The  charge  corresponding  to  the  underpotential  deposition  of  aluminum 
is  about  the  size  of  that  expected  for  the  deposition  of  a  monolayer  on  this  electrode.  The 
voltammogram  is  characterized  by  a  reduction  wave  on  the  forward  scan  with  Ep''  =  ca.  0.35 
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V  and  a  well  defined  stripping  wave  on  the  reverse  scan  with  E"  =  ca.  0.58  V.  Thus,  the 
UPD  of  aluminum  onto  cobalt  is  demonstrated,  and  it  illustrates  that  there  is  an  energetic 
driving  force  for  the  alloying  of  aluminum  with  cobalt  at  underpotentials. 

3.5  Analysis  of  cobalt-aluminum  thin  films  by  anodic  linear  sweep  voltammetry 

In  conjunction  with  previous  work  done  in  this  laboratory,  the  composition  of  Co-Al 
alloy  electrodeposits  was  examined  by  in  situ  anodic  linear  sweep  voltammetry  (ALSV) 
experiments  at  a  platinum  rotating  disk  electrode,  ALSV-RDE.  However,  the  ALSV-RDE 
method  does  not  lead  to  an  accurate  alloy  composition  because  it  fails  to  account  for  all  of 
the  aluminum  present. 

The  failure  of  the  ALSV-RDE  method  led  us  to  develop  an  alternative  method  based 
on  ALSV  at  a  rotating  ring-disk  electrode,  which  we  denote  as  ALSV-RRDE.  These  thin- 
layer  deposition-stripping  experiments  are  similar  in  principle  to  those  described  by 
Andricacos  et  al.  (77-78)  and  Swathirajan  and  Bruckenstein  (74-76).  In  the  ALSV-RRDE 
experiment,  a  thin  film  is  first  deposited  onto  the  disk  electrode  by  holding  the  electrode 
potential  at  the  desired  value  as  determined  from  the  sampled-current  voltammograms,  while 
the  ring  electrode  is  held  at  open  circuit.  During  the  anodic  dissolution  step,  the  ring 
electrode  potential,  E,,  is  normally  held  at  a  value  that  results  in  the  oxidation  of  the  metal 
ions  of  one  of  the  alloy  components  produced  at  the  disk.  For  example,  during  the  anodic 
dissolution  of  Ni-Fe  alloys,  both  iron(II)  and  nickel(II)  are  produced  at  the  disk  electrode,  and 
E^  is  set  to  a  value  where  iron(II)  is  oxidized  to  iron(III).  Because  nickel(II)  cannot  be 
oxidized  within  the  potential  window  of  the  solvent,  the  oxidation  waves  that  correspond  to 
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the  dissolution  of  iron  from  the  alloy  deposit  can  be  identified  by  observing  the  ring  current 
as  a  function  of  the  disk  potential  (77).  The  alloy  composition  can  be  calculated  from  the  ring 
and  disk  charges,  Q,  and  respectively,  and  knowledge  of  the  experimental  collection 
efficiency,  of  the  RRDE  electrode. 

In  the  present  case,  neither  aluminum(III)  or  cobalt(II),  the  Co-Al  alloy  dissolution 
products,  can  be  oxidized  further  within  the  potential  window  of  the  melt.  However,  by 
setting  Ef  to  0.5  V,  it  is  possible  to  selectively  reduce  the  cobalt(II)  produced  during  the 
anodic  dissolution  of  Co-Al  alloy  at  the  ring,  permitting  identification  of  those  alloy  stripping 
waves  that  have  a  current  component  that  arises  from  the  oxidation  of  cobalt.  However, 
before  this  method  can  be  employed,  must  be  determined.  Collection  experiments  were 
carried  out  by  electrodepositing  cobalt  metal  on  the  disk  electrode  at  a  potential  of  0.5  V  in 
a  solution  of  cobalt(II)  with  the  ring  electrode  inactive.  The  cobalt  was  then  anodically 
dissolved  from  the  disk  in  pure  melt  with  slow  scan  (0.002  V  s'’)  ALSV  while  the  ring  was 
held  at  0.5  V.  These  experiments  yielded  a  value  of  =  0.221;  this  is  in  exeellent 
agreement  with  the  theoretical  collection  efficiency  of  0.220  for  this  ring-disk  electrode, 
which  was  calculated  from,  rj,  r2,  and  r^,  respectively  (72). 

In  view  of  these  very  favorable  results,  a  series  of  ALSV  experiments  were  carried  out 
at  the  Pt-RRDE  over  the  range  of  deposition  potentials  where  the  formation  of  Co-Al  alloy 
is  expected,  i.e.,  from  0.4  to  0  V.  In  these  experiments,  425  mC  cm'^  electrodeposits  were 
produced  on  the  disk  electrode  in  a  0.005  M  solution  of  cobalt(II).  During  a  previous  study 
of  Ni-Al  alloys,  the  deposit  composition  was  found  to  depend  on  the  charge  density  (40). 
This  phenomenon  is  believed  to  arise  from  the  thermodynamic  instability  of  aluminum  in  the 
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alloy  in  solutions  of  nickel(II).  The  Co-Al  alloy  was  found  to  display  similar  instability  in 
cobalt(II)  solutions,  and  a  minimum  charge  density  of  ca.  325  mC  cm‘^  was  needed  to  obtain 
Co-Al  deposits  whose  compositions  did  not  vary  with  the  deposition  charge.  Figure  3.9  is 
a  plot  of  the  atomic  fraction  of  aluminum  versus  the  deposition  charge.  This  plot  illustrates 
the  dependence  of  the  composition  on  the  latter.  The  electrode  was  then  transferred  to  pure 
melt,  and  the  Co-Al  electrodeposit  was  slowly  oxidized  from  the  disk  by  ALSV  while  the  ring 
was  held  at  0.5  V.  The  elapsed  time  that  the  plated  electrode  spent  in  the  plating  solution 
under  open  circuit  conditions  was  kept  to  less  than  1 5  seconds,  the  reason  for  this  is  depicted 
in  Figure  3.10.  A  plot  of  the  alloy  composition  versus  immersion  time  of  the  deposit  in  the 
plating  solution  reveals  that  the  deposit  composition  is  highly  sensitive  to  the  time  the 
unbiased  deposit  is  exposed  to  the  plating  bath.  This  is  a  reflection  of  the  ability  of  Co(II)  to 
oxidize  aluminum  from  the  Co-Al  alloy. 

Typical  voltammograms  illustrating  the  disk  and  corrected  ring  currents  that  resulted 
from  several  of  these  experiments  are  shown  in  Figures  3.11  and  3.12.  For  deposits  produced 
at  0.4  V,  the  major  feature  of  the  disk  voltammogram  is  a  wave  with  an  anodic  peak  potential, 
E^,  of  0.93  V.  The  large  ring  current  that  was  observed  as  the  disk  potential  was  scanned 
through  this  stripping  wave  indicates  that  a  major  component  of  the  current  arises  from  the 
oxidation  of  cobalt  in  the  deposit.  However,  the  charge  corresponding  to  this  wave  was 
slightly  larger  than  the  corrected  ring  charge,  QJN^^,  indicating  that  some  of  the  current  must 
be  due  to  the  oxidation  of  aluminum.  For  the  deposit  prepared  at  0.3  V,  the  disk 
voltammogram  (Figure  3.10)  revealed  oxidation  waves  with  =  0.83  and  0.55  V, 
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E(Y)  versus  A1(III)/A1 


Figrue  3.11  Disk  and  ring  voltammograms  recorded  for  the  oxidation  of  thin  layer  Co-Al 
electrodeposits  from  a  Pt-RRDE. 


Figrue  3.12  Disk  and  ring  voltammograms  recorded  for  the  oxidation  of  thin  layer  Co-Al 
electrodeposits  from  a  Pt-RRDE. 
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ring,  corrected 


respectively.  A  ring  current  was  associated  with  the  former,  but  not  the  later,  indicating  that 
the  wave  at  0.55  V  must  arise  from  the  selective  removal  of  aluminum  from  the  alloy.  The 
disk  voltammograms  corresponding  to  the  0.20,  0.10,  and  0  V  deposits  (Figure  3.12)  were 
similar  in  appearance  to  that  of  the  0.30  V  deposit,  except  that  the  aluminum  stripping  wave 
was  shifted  to  =  0.67  V  in  the  case  of  the  0.20  V  deposit  and  appeared  at  =  0.63  and 
0.56  V  in  the  voltammograms  of  the  0.10  and  0  V  deposits,  respectively.  However,  most 
interestingly,  a  small  amount  of  aluminum  was  also  oxidized  from  each  of  these  deposits  at 
potentials  proximate  to  the  oxidation  of  cobalt,  demonstrating  that  conventional  ALSV 
methods  are  unsatisfactory  for  analyzing  this  alloy. 

These  shifts  in  the  position  of  the  aluminum  stripping  wave  indicate  that  the  activity 
of  aluminum  in  the  alloy  is  changing  with  the  aluminum  content  of  the  alloy.  However,  it  is 
unclear  why  aluminum  dissolution  occurs  at  two  different  potentials.  Assuming  that  the 
deposit  exists  in  two  phases  and  that  dissolution  of  the  second  phase  is  due  to  oxidation  of 
the  aluminum  contained  in  a  cobalt-rich  phase,  then  the  two  phases  cannot  be  in  equilibrium 
because  the  aluminum  activity  must  be  different  in  each  phase.  Alternatively,  the  aluminum 
associated  with  the  second  dissolution  process  may  simply  be  inaccessible  to  oxidation  until 
some  dissolution  of  cobalt  occurs.  The  negative  shift  in  the  cobalt  stripping  wave  that  is 
associated  with  alloyed  deposits  may  then  be  due  to  the  more  favorable  dissolution  kinetics 
of  a  porous  cobalt  layer  over  that  of  a  pure,  compact  deposit  (79).  The  characteristics  of 
anodic  linear  sweep  voltammograms  for  the  dissolution  of  an  alloy  deposit  are  very  sensitive 
to  the  composition  and  structure  of  the  deposit.  Theoretical  and  experimental  studies  have 
attempted  to  correlate  peak  shape  and  location  with  the  type  of  alloy  that  is  electrodeposited 
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(79,80).  However,  a  detailed  analysis  of  the  voltammograms  in  Figures  3.11  and  3. 1 2  beyond 
that  given  here  would  be  purely  speculative  without  reliable  information  about  the  phase 
distribution  in  Co-Al  alloys  containing  up  to  62  a/o  aluminum.  The  alloy  composition  (1-x) 
as  a  function  of  deposition  potential  was  calculated  from  and  the  values  of  and  that 
resulted  from  numerous  experiments  similar  to  those  described  above  by  using  the  following 
expression: 


l-x=V{l  +  \.5[QJ(N,^^Q,-Q,)]}  [3.1] 

The  resulting  values  of  1  -  x  are  plotted  as  a  function  of  potential  in  Figure  3.6,  and  they  are 
in  very  good  agreement  with  the  values  of  1  -  x  derived  from  the  sampled-current 
voltammetric  plots  observed  in  a  0.005  M  cobalt(II)  solution. 


CHAPTER  IV.  ELECTRODEPOSITION  OF  IRON 


4.1  Anodic  dissolution  of  iron 

Solutions  of  iron(ll)  in  the  60.0-40.0  m/o  AlClj-MeEtimCl  melt  were  prepared  by  the 
controlled-potential  coulometric  anodization  of  a  coiled  iron  wire  working  electrode  at  an 
applied  potential  of  1.30  V  versus  A1(I11)/A1.  To  ensure  that  iron(II)  was  the  anodization 
product,  the  change  in  weight  of  the  iron  electrode  was  determined  after  the  passage  of  a 
given  charge,  The  results  of  several  such  controlled-potential  coulometry  experiments 
are  given  in  Table  4.1.  In  this  table,  Awpe  is  the  change  in  the  weight  of  the  iron  electrode, 
mpg  is  the  number  of  moles  of  iron  corresponding  to  this  weight  change,  and  ^theory  («  =  1)  is 
the  theoretical  charge  based  on  for  «  =  1 .  These  calculations  confirm  that  iron(II)  was 
the  anodization  product. 

RDE  voltammetry  was  used  to  determine  E®';  was  estimated  from  the  zero 
current  crossover  point  on  the  return  sweep.  The  Nemst  equation  yielded  =  0.52  ±  0.01 
V  at  the  95  %  confidence  level.  Data  from  20  RDE  experiments  were  used  in  the  calculation 
of  E°'. 

4.2  Voltammetry  of  iron(II) 

Stationary  and  RDE  voltammograms  for  the  electrodeposition  and  stripping  of  iron 
on  platinum,  tungsten,  gold,  and  glassy  carbon  electrodes  from  an  unstirred  0.050  M  solution 
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Table  4.1  Results  for  the  anodization  of  iron. 


AWpe 

(g) 

lOVe 

(mol) 

0theory(«=  1) 

(C) 

Sexp 

(C) 

n 

0.0181 

3.24 

31.27 

68.01 

2.17 

0.0276 

4.49 

47.68 

99.1 

2.07 

0.0297 

5.32 

51.31 

109.1 

2.12 

0.0273 

4.89 

47.16 

96.25 

2.04 

0.0264 

4.73 

45.61 

90.64 

1.99 

0.0292 

5.23 

50.45 

108.7 

2.15 

0.0252 

4.51 

43.54 

91.28 

2.09 

0.0276 

4.94 

47.68 

88.75 

1.86 

0.0828 

1.48 

143.1 

300.0 

2.09 

avg:  2.1  +  0.2 
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of  iron(II)  in  60.0-40.0  m/o  melt  at  25  "C  are  shown  in  Figures  4.1  to  4.4  respectively.  The 
stationary  electrode  voltammograms  recorded  at  platinum,  tungsten,  and  gold  are  very  similar; 
therefore,  only  the  results  for  platinum  (Figure  4.1a)  will  be  described  in  detail.  This 
voltammogram  exhibits  a  broad  reduction  wave  with  Ep  =  0.34  V  on  the  forward  scan.  The 
reverse  scan  exhibits  an  oxidation  wave  with  Ep=  0.70  V.  These  reduction  and  oxidation 
waves  are  attributed  to  the  reduction  of  iron(II)  solvated  by  the  melt  to  iron  metal  and  to  the 
oxidation  of  the  iron  surface  deposit  to  freely  diffusing  iron(II),  respectively. 

Fe^'^(solv)  +  2e  ^  Fe  [4. 1  ] 

Some  typical  data  resulting  from  a  series  of  voltammetric  experiments  at  different 
scan  rates  are  given  in  Table  4.2.  Examination  of  the  data  in  this  table  reveals  that  Ep  shifts 
cathodically  and  that  (p7v'^^  decreases  as  the  scan  rate  is  increased.  For  a  reversible  electrode 
reaction  involving  the  deposition  of  an  insoluble  substance,  |  E^  -  E'p/j  |  should  have  a  value 
of  0.77i?r/«For  0.0199/n  V  at  25  (63).  However,  \Ep  -Epi2\  in  Table  4.2  clearly  exceeds 

the  value  of  0.0100  V  expected  for  the  reaction  given  in  Equation  4.1,  even  at  the  slowest 
scan  rate.  These  results  indicate  that  the  iron  electrode  reaction  is  quasi-reversible  at 
platinum.  Additionally,  experiments  at  different  scan  rates  were  carried  out  at  gold,  tungsten, 
and  glassy  carbon  and  gave  analogous  results.  Similar  quasi-reversible  behavior  was  found 
for  the  Ag(I)/Ag  (19)  and  Sn(II)/Sn  (29)  electrode  reactions  at  platinum  in  acidic  AICI3- 
MeEtimCl  melt. 
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Figure  4.2  Voltammograms  recorded  at  a  tungsten  electrode  in  a  0.050  M  solution 
of  Fe(II)  in  60.0-40.0  m/o  AlClj-MeEtimCl  at  25  “C:  (a)  stationary  electrode 

(scan  rate  =  0.050  V  s’*)  and  (b)  RDE  (rotation  rate  =  104.7  s'*). 


-0.002 


-0.004 


-0.006 


£(V)  versus  A1(III)/A1 

Figure  4.3  Voltammograms  recorded  at  a  gold  electrdode  in  a  0.050  M  solution 
of  Fe(II)  in  60.0-40.0  m/o  AlClj-MeEtimCl  at  25  °C:  (a)  stationary  electrode 
(scan  rate  =  0.050  Vs"')  and  (b)  RDE  (rotation  rate  =  104.7  s'*). 
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Table  4.2.  Cyclic  voltammetric  data  for  the  reduction  of  Fe(II)  at  tungsten  (A  =  0.196  cm^), 
platinum  (A  =  0.126  cm^),  and  gold  (A  =  0.126  cm^)  electrodes. 


V 

lox 

103^-^c/vl/2 

e; 

(V  s-‘) 

(A) 

(As>/2v-'/2) 

(V) 

(V) 

(V) 

platinum  electrode 

0.010 

2.96 

2.96 

0.406 

0.618 

0.023 

0.030 

4.54 

2.62 

0.374 

0.649 

0.051 

0.050 

4.75 

2.12 

0.358 

0.672 

0.068 

0.070 

5.18 

1.93 

0.336 

0.689 

0.139 

0.090 

5.06 

1.69 

0.322 

0.704 

0.131 

gold  electrode 

0.010 

2.30 

2.3 

0.424 

0.616 

0.045 

0.030 

3.69 

2.13 

0.396 

0.647 

0.049 

0.050 

4.21 

1.85 

0.368 

0.664 

0.060 

0.070 

4.95 

1.87 

0.362 

0.682 

0.065 

0.090 

5.25 

1.75 

0.354 

0.696 

0.061 

tungsten  electrode 

0.010 

4.00 

4.00 

0.414 

0.614 

0.027 

0.030 

6.26 

3.61 

0.380 

0.639 

0.040 

0.050 

7.26 

3.25 

0.362 

0.658 

0.044 

0.070 

1.16 

2.93 

0.346 

0.676 

0.049 

0.090 

7.91 

2.64 

0.330 

0.684 

0.057 
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Figure  4.1b  illustrates  a  typical  RDE  voltammogram  for  the  deposition  and  stripping 
of  iron  at  the  same  poly  crystalline  platinum  electrode  that  was  used  to  acquire  the  stationary 
electrode  voltammograms.  A  limiting  current  is  evident  as  the  electrode  potential  is  scanned 
helow  0.35  V,  and  a  prominent,  symmetrical  oxidation  wave  is  observed  on  the  reverse  scan 
at  -  0.85  V.  If  is  made  more  negative  than  0  V,  which  is  the  thermodynamic  reversible 
potential  for  the  A1(III)/A1  couple  in  this  melt,  then  another  reduction  and  associated 
oxidation  wave  due  to  the  bulk  deposition  and  stripping  of  aluminum,  respectively  is 
observed.  RDE  voltammograms  for  the  electrodeposition  and  stripping  of  bulk  iron  at  a 
polycrystalline  tungsten  and  gold  are  shown  in  Figures  4.2  and  4.3,  respectively.  The  major 
features  of  these  voltammograms  are  similar  to  those  appearing  in  the  voltammograms 
recorded  at  platinum,  i.e.,  a  limiting  reduction  current  between  0.25  and  0.35  V  on  the 
forward  scan  and  a  large  symmetrical  bulk  stripping  wave  on  the  reverse  scan  at 
approximately  the  same  potential  as  that  observed  at  platinum.  However,  there  is  an  increase 
in  the  current  beyond  the  limiting  current  as  the  electrode  potential  is  scanned  below  0.30  V. 
This  could  be  due  to  an  increase  in  the  electrode  surface  area  due  to  the  formation  of  dendritic 
deposits  or  to  the  co-deposition  of  aluminum  with  iron. 

The  RDE  voltammograms  for  the  electrodeposition  of  iron  on  platinum,  tungsten, 
and  gold  all  exhibit  well-defined  limiting  current  plateaus.  Plots  of  the  limiting  currents 
versus  the  square  root  of  the  rotation  rate  were  linear  and  passed  through  the  origin  as  seen 
in  Figure  4.5.  This  is  indicative  of  convective  diffusion  controlled  reactions  within  the  limiting 
current  potential  region.  This  allows  determination  of  the  diffusion  coefficient  of  Fe(II)  by 
application  of  the  Levich  equation.  The  average  value  of  and  for  iron(II) 
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in  the  60.0-40.0  m/o  AlClj-MeEtimCl  melt  at  25  °C  were  calculated  from  the  limiting 
currents  of  the  four  voltammograms  in  Figures  4. 1  to  4.4.  The  resulting  values  are  (2.6  ±  0.3) 
X 10*  ernes'*  and  1.39  x  10‘^  g  cm  s'^  K  ',  respectively. 

4.3  Sampled-current  voltammetry  of  iron(II) 

Sampled-current  voltammograms  are  used  to  determine  the  partial  currents  for  the 
depositing  metal  and  any  co-depositing  aluminum  if  present,  and  thus  the  alloy  composition 
as  a  function  of  potential.  Sampled-current  voltammograms  were  constructed  from  the 
chronoamperometric  current-time  transients  resulting  from  experiments  at  each  electrode  in 
an  unstirred  solution  containing  electrogenerated  iron(II).  In  these  experiments,  the  potential 
was  stepped  from  an  initial  value  of  1 .50  V,  where  no  Faradaic  process  occurs,  to  potentials 
ranging  from  0  to  0.80  V;  the  solution  was  stirred  before  the  application  of  each  potential 
pulse  to  assure  a  uniform  solution  and  then  allowed  to  rest  for  60  seconds  prior  to  the  pulse. 
In  order  to  insure  a  reproducible  response,  the  electrode  surface  was  cleaned  by  stepping  the 
rotating  electrode  to  1.80  V  for  60  seconds  before  each  potential  step  experiment.  The 
current  was  then  sampled  at  the  same  elapsed  time  for  each  current-time  transient  and  plotted 
as  a  function  of  potential.  The  sampled-current  voltammograms  that  resulted  from  these 
experiments  are  shown  in  Figure  4.6.  Like  the  RDE  voltammograms,  these  sampled-current 
voltammograms  exhibit  well  defined  limiting  currents  and  a  linear  increase  in  current  prior  to 
0  V.  Based  on  similar  behavior  observed  for  both  cobalt  (37)  and  nickel  (40),  it  can  be 
concluded  from  these  waves  that  the  co-deposition  of  aluminum  occurs  during  the 
electrodeposition  of  iron  and  prior  to  the  bulk  deposition  of  aluminum. 


Figure  4.6  Sampled-current 
melt  at  25  °C. 


)  versus  A1(III)/A1 


ms  for  the  reduction  of  Fe(II)  in  60.0-40.0  m/o 
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The  co-deposition  of  aluminum  with  iron  can  be  represented  by  the  following 

equation: 

xFe2^(solv)  +  4(l-x)Al2Cl7+(3-;c)e  Fe^l,.^+ 7(l-x)AlCl4  [4.1] 

where  x  and  1-  x  represent  the  mole  fraction  of  Fe  and  A1  in  the  Fe-Al  alloy,  i.e.,  Fe^li.^. 
The  value  of  the  1  -x  was  estimated  from  each  of the  Pt-RDE  sampled-current  voltammograms 
in  Figure  4.6  and  calculated  from  the  following  equation: 

l-x=  1/(1  + 1.5  [4.2] 

where  i  ^^1  is  the  total  current  and  /,  is  the  limiting  current.  Plots  of  1  -x  versus  potential  that 
resulted  from  these  calculations  are  presented  in  Figure  4.7.  These  graphs  show  that  1  -  x  is 
dependent  upon  the  applied  potential,  but  there  is  no  clear  dependence  of  1  -x  on  the  iron(II) 
concentration. 

4.4  Analysis  of  iron-aluminum  thin  films  by  anodic  linear  sweep  voltammetry 

The  composition  of  Fe-Al  alloy  electrodeposits  was  examined  by  carrying  out  RRDE- 
ALSV  experiments  similar  to  those  described  for  Co-Al  alloys.  By  setting  to  0.35  V,  it 
was  possible  to  reduce  the  iron(II)  produced  during  the  anodic  dissolution  of  Fe-Al  alloy  at 
the  ring,  permitting  identification  of  those  alloy  stripping  waves  that  have  a  current 
component  arising  from  the  oxidation  of  iron.  However,  before  this  method  could  be 
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1-jc  in  Fe  A1 


E  (V)  versus  A1(III)/A1 


Figure  4.7  Composition  of  Fe  Al,  as  a  function  of  potential. 


employed,  was  determined  by  electrodepositing  iron  metal  on  the  disk  electrode  at  a 
potential  of  0.35  V  in  a  solution  of  iron(II)  with  the  ring  electrode  inactive.  The  iron  was  then 
anodically  dissolved  from  the  disk  in  pure  melt  while  the  ring  was  held  at  0.25  V.  These 
experiments  yielded  a  value  of  =  0.176;  this  is  in  reasonable  agreement  with  the 
theoretical  collection  efficiency  of  0.220  for  this  ring-disk  electrode,  which  was  calculated 
from,  rj,  r2,  and  r^,  respectively  (63). 

In  view  of  these  results,  a  series  of  ALSV  experiments  were  carried  out  at  the  Pt- 
RRDE  over  the  range  of  deposition  potentials  where  the  formation  of  Fe-Al  alloy  is  expected, 
i.e.,  from  0.25  to  0  V.  In  these  experiments,  425  mC  cm’^ electrodeposits  were  produced  on 
the  disk  electrode  from  a  0.025  M  solution  of  iron(II).  Once  the  deposit  was  made,  the 
electrode  was  then  transferred  to  pure  melt,  and  the  Fe-Al  electrodeposit  was  oxidized  from 
the  disk  by  slow  scan  (0.002  V  s"')  ALSV  while  the  ring  was  held  at  0.25  V.  The  time  spent 
in  the  plating  solution  was  kept  to  less  than  1 5  seconds.  The  reason  for  this  is  that  a  plot  of 
the  alloy  composition  versus  the  immersion  time  of  the  deposit  in  the  plating  solution  reveals 
that  the  deposit  composition  is  highly  sensitive  to  the  time  the  deposit  remains  in  the  plating 
bath.  During  a  previous  study  of  Ni-Al  alloy,  the  deposit  composition  was  found  to  depend 
on  the  charge  density  used  to  prepare  the  electrodeposit  (83).  This  phenomenon  is  believed 
to  arise  from  the  thermodynamic  instability  of  aluminum  in  the  alloy  when  immersed  in 
solutions  of  nickel(II).  The  Fe-Al  alloy  was  found  to  display  similar  instability  in  iron(II) 
solutions,  and  a  minimum  charge  density  of  ca.  325  mC  cm'^  was  needed  in  order  to  obtain 
Fe-Al  deposits  of  constant  composition. 
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Typical  voltammograms  illustrating  the  disk  and  corrected  ring  currents  that  resulted 
from  several  of  these  experiments  are  shown  in  Figures  4.8  and  4.9.  For  deposits  produced 
at  0.20  V,  the  major  feature  of  the  disk  voltammogram  was  a  wave  with  =  0.70  V.  The 
large  ring  current  that  was  observed  as  the  disk  potential  was  scanned  through  this  stripping 
wave  indicates  that  a  major  component  of  the  current  arises  from  the  oxidation  of  iron  in  the 
deposit.  Flowever,  the  charge  corresponding  to  this  wave  was  slightly  larger  than  the 
corrected  ring  charge,  indicating  that  some  of  the  current  must  be  due  to  the 

oxidation  of  aluminum.  For  the  deposit  prepared  at  0. 1 5  V,  the  disk  voltammogram  (Figure 
4.8)  revealed  oxidation  waves  with  =  0.72  and  0.44  V,  respectively.  A  ring  current  was 
associated  with  the  former,  but  not  the  later,  indicating  that  the  wave  at  0.44  V  must  arise 
from  the  selective  removal  of  aluminum  from  the  alloy.  The  disk  voltammograms 
corresponding  to  the  0.05  and  0  V  deposits  (Figure  4.9)  were  similar  in  appearance  to  that 
of  the  0.15V  deposit,  except  that  the  aluminum  wave  was  shifted  to  E^  =  0.46  V  in  the  case 
of  the  0.05  V  deposit.  The  disk  voltammogram  for  the  0  V  deposit  gave  waves  with  E^  = 
0.72  and  0.48  V  due  to  the  oxidation  of  aluminum  and  iron,  respectively  from  the  deposit. 
A  small  amount  of  aluminum  was  also  oxidized  from  each  of  these  deposits  at  potentials 
proximate  to  the  oxidation  of  iron. 

These  slight  shifts  in  the  position  of  the  aluminum  stripping  wave  indicate  that  the 
activity  of  aluminum  in  the  alloy  is  changing  with  the  aluminum  content  of  the  alloy. 
However,  it  is  unelear  why  aluminum  dissolution  oecurs  at  two  different  potentials. 
Assuming  that  the  deposit  is  in  two  phases  and  that  the  second  dissolution  is  due  to  aluminum 
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£(V)  versus  A1(III)/A1 


Figure  4.8  Disk  and  ring  voltammograms  for  the  oxidation  of  thin  layer  Fe-Al 
electrodeposits  from  a  Pt-RRDE. 


E{Y)  versus  A1(III)/A1 


Figure  4.9  Disk  and  ring  voltammograms  for  the  oxidation  of  thin  layer  Fe-Al 
electrodeposits  from  a  Pt-RRDE. 


(mA) 


contained  in  a  iron-rich  phase,  then  the  two  phases  cannot  be  in  equilibrium  because  the 
aluminum  activity  is  obviously  different  in  each  phase.  Alternatively,  the  aluminum  associated 
with  the  second  dissolution  process  may  simply  be  inaccessible  to  oxidation  or  “hidden” 
beneath  the  iron  and  can  not  be  oxidized  until  some  dissolution  of  the  iron  deposit  occurs. 
The  negative  shift  in  the  iron  stripping  wave  that  is  associated  with  alloyed  deposits  may  then 
be  due  to  the  more  favorable  dissolution  kinetics  of  a  porous  iron  layer  over  that  of  a  pure, 
compact  deposit  (79).  The  characteristics  of  anodic  linear  sweep  voltammograms  for  the 
dissolution  of  an  alloy  deposit  are  very  sensitive  to  the  composition  and  structure  of  the 
deposit.  Theoretical  and  experimental  studies  have  attempted  to  correlate  wave  shape  and 
location  on  the  potential  scale  with  the  type  of  alloy  that  is  produced  (79,  80).  However,  a 
detailed  analysis  of  the  voltammograms  in  Figures  4.8  and  4.9  beyond  that  given  here  would 
be  purely  speculative  without  reliable  information  about  the  phase  distribution  in  the  alloy. 
The  alloy  composition  ( 1  -x)  as  a  function  of  deposition  potential  was  calculated  from  and 

the  values  of  and  that  resulted  from  numerous  experiments  similar  to  those  described 
above  by  using  the  following  expression: 


1  -  X  =  l/{  1  +  1 .5  [a  /  (A/exp  2d  -  Qr)]}  [4.3] 

The  resulting  values  of  1  -  x  are  plotted  as  a  function  of  potential  in  Figure  4.7,  and  they  are 
in  reasonable  agreement  with  the  values  of  1  -  x  derived  from  the  sampled-current 
voltammetry  experiments  carried  out  in  a  0.025  M  iron(II)  solution. 
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4.5  Underpotential  deposition  of  aluminum  on  iron 

In  order  for  an  iron-aluminum  alloy  to  form  at  potentials  more  positive  than  the 
equilibrium  potential  of  the  A1(III)/A1  couple,  there  must  be  a  free  energy  advantage  gained 
through  alloy  formation.  To  demonstrate  that  the  UPD  of  aluminum  can  occur  on  an  iron 
surface,  cyclic  voltammetric  experiments  were  conducted  at  a  polycrystalline  iron  electrode 
in  blank  60.0-40.0  m/o  melt.  The  iron  working  electrode  was  slowly  scanned  between  0.60 
and  0. 1 0  V.  The  only  species  available  for  reduction  in  pure  melt  at  these  potentials  is  AI2CI7'. 
Figure  4. 10  shows  the  voltammogram  recorded  under  those  conditions.  This  voltammogram 
is  characterized  by  a  reduction  wave  on  the  forward  scan  with  Ep  =  0.22  V  and  a  well 
defined  stripping  wave  on  the  reverse  scan  with  Ep  =  0.40  V.  The  charges  corresponding  to 
these  reduction  and  oxidation  waves  correspond  to  the  deposition  and  stripping  of  a  single 
monolayer.  Thus,  the  UPD  of  aluminum  onto  iron  demonstrates  that  there  indeed  is  an 
energetic  driving  force  for  the  underpotential  alloying  of  aluminum  with  iron.  This  indicates 
that  aluminum  may  co-deposit  with  iron  at  potentials  positive  of  0  V.  These  result  are 
consistent  with  those  reported  in  the  previous  section. 

4.6  Nucleation  of  iron  on  glassy  carbon 

Stationary  and  RDE  voltammograms  for  the  electrodeposition  and  stripping  of  iron 
at  a  glassy  carbon  electrode  are  shown  in  Figure  4.4.  The  current  loops  seen  in  both 
voltammograms  after  reversal  of  the  forward  scan  are  typical  of  those  associated  with  an 
overpotential-driven  nucleation  process.  These  current  loops  occur  because  the  deposition 
of  iron  on  glassy  carbon  during  the  forward  scan  requires  an  overpotential  in  order  to  initiate 
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the  nucleation  and  subsequent  growth  of  an  iron  deposit;  after  the  scan  is  reversed,  the 
reduction  of  iron  continues  at  more  positive  potentials  because  iron  is  deposited  on  an  iron 
surface  rather  than  on  the  hostile  glassy  carbon  surface. 

In  view  of  the  nucleation  phenomena  seen  during  the  voltammetry  of  iron(II)  at  glassy 
carbon  (Figure  4.4),  chronoamperometry  experiments  were  conducted  in  order  to  determine 
the  nucleation  mechanism.  The  current-time  transients  resulting  from  these  experiments  are 
shown  in  Figure  4.11a.  The  dimensionless  current-time  transients  are  compared  to  the 
limiting  theoretical  transients  for  instantaneous  and  progressive  three  dimensional  nucleation 
with  hemispherical  growth  of  the  nuclei  in  Figure  4. 1  lb.  The  experimental  transients  are  in 
excellent  agreement  with  the  limiting  model  for  progressive  nucleation.  This  result  is 
consistent  with  the  linear  plots  of  versus  t  that  were  constructed  from  data  taken  from 
the  rising  portions  of  the  experimental  current-time  transients  in  Figure  4.11.  Therefore,  the 
intercepts  of  these  plots  were  used  to  obtain  estimates  of  and  the  resulting  values  of  are 
shown  in  Table  4.3  along  with  the  product  The  growth  process  is  considered  to  be 

diffusion  controlled,  i.e.,  Cpj(ii)  (x  =  0)  ~  0,  if  does  not  vary  with  tj  (79);  the  data  in 
Table  4.3  indicate  that  this  is  the  case.  In  addition,  the  overpotentials  that  were  applied 
during  each  chronoamperometry  experiment  correspond  to  the  limiting  currents  in  Figure  4.4. 

The  kinetics  of  the  nucleation  process  are  conveniently  characterized  by  v4,(s’')  and 
No  (cm'^).  However,  for  the  limiting  case  of  progressive  nucleation,  the  ratio  A,/N„-^  0  (60). 
In  this  case,  ^,and  can  not  be  determined  separately,  and  the  nucleation  kinetics  must  be 
analyzed  in  terms  of  the  steady-state  nucleation  rate,  .  The  results  of  this  calculation  are 
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Figure  4.1 1  (a)  Current-time  transients  for  the  reduction  of  Fe(II)  at  glassy  carbon  in 
60.0-40.0  m/o  melt,  (b)  Comparison  of  the  experimental  dimensionless  current-time 
transients  to  the  models  for  3-D  hemispherical  diffusion-controlled  growth. 


Table  4.3.  Nucleation  data  for  the  electrodeposition  of  iron  on  glassy  carbon 


(V) 

10^/. 

(A) 

tr. 

(s) 

4 

(s) 

lOVC 

(A^s) 

lO^^tAo 
(s-'  cm-2) 

lO'X 

0.303 

6.47 

12.32 

8.5 

1.60 

4.70 

8.50 

0.313 

6.84 

11.52 

8.1 

1.60 

5.86 

9.49 

0.323 

7.28 

10.23 

7.0 

1.71 

6.14 

9.72 

0.333 

7.73 

9.09 

6.0 

1.85 

6.22 

9.78 

0.343 

8.18 

7.75 

5.1 

1.77 

8.81 

11.6 

0.353 

8.62 

6.58 

4.2 

1.77 

8.40 

11.4 

=  0.483  V 
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collected  in  Table  4.3  along  with  values  of  N^,  which  were  calculated  from  using  to 
Equation  1.23  (57). 

According  to  the  atomistic  theory  of  nucleation,  the  slope  of  a  plot  of  log(^t^o)  versus 
rj  gives  information  about  the  critical  number  of  atoms  required  for  the  formation  of  a  stable 
nucleus,  (37).  A  plot  of  log(.4^o)  versus  ^that  was  constructed  from  the  data  in  Table  4.3 
is  shown  in  Figure  4.12.  This  plot  linear  with  a  slope  of  1 1 .50  s'‘  cm'^  V"'  and  a  correlation 
coefficient  of  0.961 .  n^\s  related  to  this  slope  by  Equation  1 .24  (68).  If  a  is  assumed  to  have 
a  value  of  0.50,  then  Equation  1.18  gives  ~0.  This  indicates  that  active  sites  on  the 
electrode  surface  probably  act  as  the  critical  nucleus  (69)  during  the  electrodeposition  of  iron 
on  glassy  carbon  in  acidic  AlClj-MeEtimCl.  Values  of  ranging  from  0  to  1  were  reported 
for  the  electrodeposition  of  cadmium  (70),  copper  (71),  lead  (72,73),  and  silver  (74,75)  on 
glassy  carbon  from  aqueous  solutions. 

4.7  Bulk  deposition  experiments 

In  order  to  determine  whether  bulk  deposits  prepared  at  the  same  potentials  as  the 
thin-layer  deposits  mirror  the  composition  of  the  latter,  a  series  of  experiments  was  performed 
to  establish  the  aluminum  content  of  bulk  deposits  made  over  a  range  of  potentials.  These 
experiments  were  carried  out  in  a  cell  with  an  iron  anode  placed  in  the  bulk  solution.  As 
iron(II)  is  redueed  at  a  copper  cathode,  it  is  replaced  in  solution  by  dissolution  of  the  iron 
anode.  If  the  charge  passed  during  the  deposition  process  is  applied  solely  toward  the 
deposition  of  iron,  then  the  iron(II)  concentration  in  the  solution  should  not  change. 
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However,  at  potentials  negative  of  0.25  V,  aluminum  co-deposits  with  iron.  In  order  for 
aluminum  to  co-deposit,  some  of  the  current  that  flows  in  the  cell  must  be  due  to  the 
reduction  of  AljCly’.  However,  dissolution  of  the  iron  electrode  still  takes  place  at  the  rate 
defined  by  the  total  current.  Thus,  the  net  result  of  the  co-deposition  of  aluminum  will  be  an 
increase  in  the  iron(II)  concentration  in  the  solution  used  to  carry  out  the  experiment.  The 
charge  equivalent  to  the  excess  iron(II)  concentration  is  directly  proportional  the  amount  of 
aluminum  co-deposited  with  the  iron. 

In  these  experiments,  a  stock  solution  of  0.050  M  iron(II)  in  60.0-40.0  m/o  melt  was 
used  to  make  deposits  at  =  0.30,  0.20,  0.10,  0  and  -0.10  V.  Careful  attention  was 
directed  to  the  amount  of  iron(II)  solution  used  in  each  experiment  and  to  the  current  passed 
to  produce  each  deposit.  Once  the  experiment  was  completed,  the  iron  deposit  was  removed 
from  the  melt  while  still  under  cathodic  protection  to  ensure  that  aluminum  in  the  deposit  was 
not  reduced  by  the  iron(II)  in  the  plating  bath,  decreasing  the  concentration  of  the  latter.  A 
sample  of  the  electrolysis  melt  was  taken  and  analyzed  for  its  iron  content  with  AAS.  The 
results  of  these  experiments  are  given  in  Figure  4.7,  and  they  are  in  good  agreement  with 
those  from  the  sampled-current  voltammetry  experiments. 

4.8  Characterization  of  bulk  iron  deposits  by  SEM-EDS 

Bulk  deposits  for  SEM-EDS  analysis  were  prepared  by  two  methods.  The  first  used 
a  1  mm  diameter  fixed  copper  wire  substrate  and  the  second  involved  deposition  on  a  rotating 
copper  disk  electrode.  It  was  hoped  that  rotation  of  the  electrode  would  lead  to  a  better 
quality  and  more  adherent  deposit.  The  plating  bath,  which  contained  0.025  M  iron(II),  was 
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gently  stirred  with  a  Teflon-coated  stir  bar  during  electrodeposition  experiments.  Following 
each  experiment,  the  deposits  were  immediately  taken  from  the  plating  bath  while  under 
cathodic  protection  and  washed  with  dry  benzene  to  remove  any  bath  residue.  They  were 
then  removed  from  the  glove  box  and  washed  in  succession  with  ethanol,  acetone,  and  water. 

Deposits  were  prepared  on  copper  wire  substrates  at  a  charge  density  of  approximately 
50  C  cm'^  at  =  0.35, 0.25,  0.20, 0.10, 0  and  -0.05  V.  Figures  4.13  and  4.14  show  SEM 
pictures  of  constant  potential  deposits  prepared  at  0  and  0.35  V  respectively.  Deposits 
prepared  at  constant  potentials  contained  only  trace  amounts  of  aluminum  and  were 
contaminated  with  chloride  from  the  melt.  As  expected,  no  aluminum  was  found  in  deposits 
prepared  at  0.35  V.  This  deposit  was  also  free  of  chloride,  indicating  minimal  melt 
contamination  (Figure  4.13).  Deposits  prepared  at  =  0.20, 0.10  and  0  V  were  too  badly 
contaminated  with  melt  to  permit  the  accurate  determination  of  their  aluminum  content. 
Deposits  were  also  made  at  constant  current  on  a  rotating  copper  disk  substrate  with  an 
approximate  charge  density  of  50  C  cm‘^  (Figures  4.15  and  4.16).  The  electrodes  were 
rotated  at  1500  rpm  during  the  deposition  process.  The  result  was  a  much  more  adherent 
deposit  with  a  much  smoother  surface.  In  addition,  those  deposits  were  more  metallic  in 
appearance  than  those  deposited  on  copper  wire.  However,  within  24  hours  after  exposure 
to  the  atmosphere,  these  deposits  also  detached  from  the  electrode  surface  as  a  result  of  the 
hydrolysis  of  entrapped  melt.  Current  densities  ranging  from  1 5. 1  to  60.3  mA  cm'^  were  also 
used  to  prepare  deposits.  All  of  these  currents  resulted  in  negative  potentials  that  ranged 
from  -0.05  to  -0.49  V  respectively.  EDS  analysis  indicated  that  these  deposits  contained 
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Figure  4.13  SEM  secondary  image  of  an  iron  electrodeposit.  This  deposit 
was  prepared  on  a  fixed  copper  wire  from  a  0.025  M  solution  of  iron(II)  in 
60.0-40.0  m/o  melt  at  =  OV. 

app 
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Figure  4.14  SEM  secondary  image  of  an  iron  electrodeposit.  This  deposit 
was  prepared  on  a  fixed  copper  wire  from  a  0.025  M  solution  of  iron(II)  ii 
60.0-40.0  m/o  melt  at  E.__  =  0.35  V. 


Figure  4.15  SEM  secondary  image  of  an  iron  electrodeposit.  This  deposit 
was  prepared  on  a  rotating  copper  disk  electrode  from  a  0.025  M  solution 
of  iron(II)  in  60.0-40.0  m/o  melt  at  a  current  density  of  30.1  mA 
=  ca.  -0.05  V). 


Figure  4.16  SEM  secondary  image  of  an  iron  electrodeposit.  This  deposit 
was  prepared  on  a  rotating  copper  disk  electrode  from  a  0.025  M  solution 
of  iron(II)  in  60.0-40.0  m/o  melt  at  a  current  density  of  75.3  mA  cm'^ 

=  ca.  -450  mV). 
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As  the  aluminum  content  increased,  so  did  the  chloride  content.  Thus,  these  results  can  only 
be  used  as  qualitative  indicators  that  as  the  potential  is  made  more  negative,  the  aluminum 
content  of  bulk  deposits  increases. 
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CHAPTER  V.  ELECTRODEPOSITION  OF  ANTIMONY 


5.1  Anodic  dissolution  of  antimony 

Solutions  of  antimony(III)  in  the  60.0-40.0  m/o  AlClj-MeEtimCl  melt  were  prepared 
by  the  controlled-potential  coulometric  anodization  of  an  antimony  rod  working  electrode  at 
an  applied  potential  of  1.2  V  versus  A1(III)/A1.  To  ensure  that  antimony(III)  was  the 
anodization  product,  the  change  in  weight  of  the  electrode  was  determined  after  the  passage 
of  a  given  charge,  The  results  of  several  such  controlled-potential  coulometry 

experiments  are  given  in  Table  5.1.  In  this  table,  Awgb  is  the  change  in  the  weight  of  the 
antimony  electrode,  mgb  is  the  number  of  moles  of  antimony  corresponding  to  this  weight 
change,  and  ^theory  («  =  1)  is  the  theoretical  charge  based  on  for  «  =  1 .  These  calculations 
confirm  that  antimony(III)  was  the  anodization  product. 

RDE  voltammetry  was  used  to  determine  £°';  was  estimated  from  the  zero 
current  crossover  point  on  the  return  sweep.  The  Nemst  equation  yielded  =  1 .02  ±  0.03 
V  at  the  95  %  confidence  level.  Data  from  22  RDE  experiments  were  used  in  the  calculation 
of  E°'. 

5.2  Voltammetry  of  antimony(III) 

Stationary  and  RDE  voltammograms  for  the  electrodeposition  and  stripping  of 
antimony  on  platinum,  tungsten,  and  gold  electrodes  from  a  0.025  M  solution  of 
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Table  5.1.  Results  for  the  anodization  of  antimony 


Awsb 

(g) 

lO'^OTsb 

(mol) 

5theo.y(«  =  1) 

(C) 

Qexp 

(C) 

n 

0.0225 

1.83 

17.68 

43.43 

2.46 

0.0965 

7.97 

76.5 

236.15 

3.11 

0.0607 

4.99 

48.1 

180.91 

3.80 

0.0187 

1.54 

14.82 

50.94 

3.44 

0.0213 

1.75 

16.88 

50.00 

2.96 

avg:  3.0 +  0.6 
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antimony(III)  are  shown  in  Figures  5.1  to  5.3  respectively.  The  stationary  electrode 
voltammograms  recorded  at  platinum,  tungsten  and  gold  are  very  similar;  however,  only  the 
results  for  platinum  (Figure  5.1a)  will  be  described  in  detail.  This  voltammogram  exhibits  two 
reduction  waves.  A  rather  small  wave  appears  first  at  ca.  0.952  V  with  =  0.76  V  on  the 
forward  scan.  On  the  reverse  scan,  two  oxidation  waves  are  evident  with  =  1.29  V  for 
the  major  wave  and  E^  =  1 .45  V  for  the  second  smaller  wave.  The  position  of  the  oxidation 
waves  were  independent  of  the  switching  potential.  It  has  been  shown  in  this  laboratory  that 
multiple  stripping  waves  can  be  an  indication  of  aluminum  alloy  formation  (36,  42). 
However,  voltammetry  at  a  glassy  carbon  electrode  (Figure  5.4a)  shows  no  evidence  of  a 
second  oxidation  wave.  This  indicates  that  the  second  wave  is  probably  not  an  Sb-Al  alloy 
formed  through  the  co-deposition  of  aluminum,  but  rather  a  surface  alloy  formed  between 
antimony  and  the  electrode  (65).  To  investigate  these  results  further,  bulk  deposits  were 
made  on  platinum  flags  to  determine  if  the  second  oxidation  wave  seen  so  clearly  in  the 
stationary  electrode  voltammograms,  but  absent  from  the  RDE  voltammograms  is  antimony 
or  an  antimony-aluminum  alloy.  The  first  deposit  was  made  by  performing  a  slow  scan  (0.00 1 
V  s'*)  voltammogram  with  a  switching  potential  of  0  V.  This  cyclic  voltammogram  was 
stopped  at  1 .47  V,  just  prior  to  the  second  wave.  SEM-EDAX  of  the  resulting  electrode 
deposits  revealed  that  only  antimony  and  platinum  were  present.  A  second  deposit  was  made 
by  stepping  the  potential  of  the  platinum  flag  from  the  rest  potential  to  0  V  and  holding  it 
there  for  300  seconds.  The  deposit  was  then  stripped  by  carrying  out  the  anodic  sweep,  and 
it  was  also  stopped  at  1 .47  V.  The  SEM-EDAX  again  showed  that  only  antimony  and 
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Figure  5.1  Voltammograms  recorded  at  a  platinum  electrode  in  a  0.025  M  solution 
of  Sb(III)  in  60.0-40.0  m/o  AlClj-MeEtimCl  at  25  ”C:  (a)  stationary  electrode  (scan 
rate  =  0.050  V  s’*),  (b)  RDE  (rotation  rate  =  104.7  s’*). 
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Figure  5.3.  Voltammograms  redorded  at  a  gold  electrode  in  a  0.025  M  solution 
of  Sb(III)  in  60.0-40.0  m/o  AlClj-MeEtimCl  at  25  °C:  (a)  stationary  electrode  (scan 
rate  =  0.050V  s'*),  (b)  RDE  (rotation  rate  =  104.7  s'^). 
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platinum  were  present.  Thus,  the  reduction  and  oxidation  waves  in  these  voltammograms  can 
be  attributed  to  the  reduction  of  antimony(III)  solvated  by  the  melt  to  antimony  metal  and  to 
the  oxidation  of  the  antimony  surface  deposit  to  freely  diffusing  antimony(III),  respectively. 


^’^'"(solv)  +  3e- ^  Sb  [5.1] 

Some  typical  data  resulting  from  a  series  of  stationary  electrode  cyclic  voltammetric 
experiments  at  different  scan  rates,  v,  are  shown  in  Table  5.2.  Examination  of  the  data  in  this 
table  reveals  that  shifts  cathodically  and  that  decreases  as  the  scan  rate  is  increased. 

For  a  reversible  electrode  reaction  involving  the  deposition  of  an  insoluble  substance,  - 
E^2  I » where  FJp/j  is  the  half-peak  potential,  should  have  a  value  of  O.llRTInF  or  0.01 99/n  V 
at  25  "C  (72).  However,  \Ep  -  Ep/2\  in  Table  5.2  clearly  exceeds  the  value  of  0.007  V 
expected  for  the  reaction  given  in  Equation  5.1,  even  at  the  slowest  scan  rate.  Also  note  the 
inordinately  large  values  of  Ep’'-  E^  in  Figure  5.1a;  this  large  separation  is  indicative  of  a 
slow  electron  transfer.  Taken  together,  the  results  presented  above  indicate  that  the  antimony 
electrode  reaction  is  at  best  quasi-reversible.  Similar  quasi-reversible  behavior  was  found  for 
the  Ag(I)/Ag  (19)  and  Sn(II)/Sn  (29)  electrode  reactions  at  platinum  in  acidic  AICI3- 
MeEtimCl  melt. 

Figure  5.1b  illustrates  atypical  RDE  voltammogram  for  the  deposition  and  stripping 
of  antimony  at  the  same  polycrystalline  platinum  electrode  that  was  used  to  acquire  the 
stationary  electrode  voltammograms.  A  limiting  current  is  evident  as  the  electrode  potential 


Table  5.2.  Cyclic  voltammetric  data  for  the  reduction  of  Sb(III)  at  tungsten  (A  = 
0.196  cm^),  platinum  (A  =  0.126  cm^),  and  gold  (A  =  0.126  cm^)  electrodes. 


V 

(V  s-*) 

10^/; 

(A) 

10^p7v’/2 

F  ^ 

(V) 

(V) 

\e;-e^2\ 

(V) 

platinum  electrode 

0.010 

3.68 

3.68 

0.790 

1.272 

0.040 

0.030 

5.65 

3.26 

0.774 

1.290 

0.056 

0.050 

6.80 

3.04 

0.764 

1.298 

0.066 

0.070 

7.60 

2.87 

0.758 

1.306 

0.476 

0.090 

8.23 

2.74 

0.752 

1.312 

0.482 

tungsten  electrode 

0.010 

5.51 

5.51 

0.790 

1.274 

0.026 

0.030 

8.56 

4.94 

0.768 

1.296 

0.032 

0.050 

10.35 

4.63 

0.758 

1.308 

0.038 

0.070 

11.63 

4.39 

0.748 

1.322 

0.044 

0.090 

12.82 

4.27 

0.747 

1.338 

0.045 

gold  electrode 

0.010 

3.77 

3.77 

0.756 

1.304 

0.058 

0.030 

5.77 

3.33 

0.762 

1.298 

0.046 

0.050 

6.91 

3.09 

0.768 

1.292 

0.036 

0.070 

7.77 

2.94 

0.776 

1.280 

0.028 

0.090 

8.41 

2.80 

0.794 

1.262 

0.010 
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is  scanned  below  ca.  0.74  V,  and  a  prominent,  symmetrical  oxidation  wave  is  observed  at  ca. 
1 .32  V  on  the  reverse  scan. 

The  RDE  voltammograms  for  the  electrodeposition  of  antimony  on  platinum, 
tungsten,  gold,  and  glassy  carbon  all  exhibit  well-defined  limiting  current  plateaus.  Thus,  the 
Levich  equation  can  be  used  to  determine  the  diffusion  coefficient  from  the  limiting  currents. 
Plots  of  /|  versus  were  linear  and  passed  through  the  origin  (Figure  5.5).  This  is  indicative 
of  a  convective  diffusion  controlled  reaction  within  the  potential  region  of  the  limiting  current. 
The  average  values  of  £>sb(ni)  ^sb(iii)^/^  foi'  antimony(III)  in  the  60.0-40.0  m/o  AICI3- 
MeEtimCl  melt  at  25®C  were  calculated  from  the  limiting  currents  of  the  four  voltammograms 
shown  in  Figure  5.1b  to  5.4b.  The  resulting  values  are  (1.1  +  0.1)  x  10'^  cm^  s'’  and  5.98  x 
lO'’”  g  cm  s'^  K"',  respectively. 

5.3  Sampled-current  voltammetry  of  antimony(III) 

Sampled-current  voltammograms  were  constructed  from  chronoamperometric  current¬ 
time  transients  resulting  from  experiments  at  each  electrode  in  an  unstirred  solution  containing 
electrogenerated  antimony  (III).  In  these  experiments,  the  potential  was  stepped  from  an 
initial  value  of  1.50  V,  where  no  Faradaic  processes  occur,  to  potentials  ranging  from  0  to 
0.80  V;  the  solution  was  stirred  before  the  application  of  each  potential  pulse  to  assure  a 
uniform  concentration  and  then  allowed  to  rest  for  60  seconds  prior  to  the  pulse.  The  current 
was  then  sampled  at  the  same  elapsed  time  for  each  current-time  transient  and  plotted  as  a 
function  of  potential .  In  order  to  produce  a  reproducible  response,  the  electrode  surface  was 
cleaned  anodically  by  stepping  the  electrode  potential  to  1.8  V  for  60  s  prior  to  each 
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Figure  5.5  Plots  of  the  limiting  cathodic  current  density  for  the  reduction  of  Sb(III)  in 
60.0-40.0  m/o  AlCl^-MeEtimCl  melt  at  25  °Cat  platinum,  gold,  tungsten,  and 
glassy  carbon  electrodes  versus  the  square  root  of  the  electrode  rotation  rate  (co*^^). 


potential  step  experiment  while  the  electrode  was  rotated.  The  sampled-current 
voltammograms  that  resulted  from  these  experiments  are  shown  in  Figure  5.6.  Like  the  RDE 
voltammograms,  these  sampled-current  voltammograms  exhibit  well-defined  limiting  currents, 
and  it  can  be  concluded  from  these  waves  that  no  appreciable  co-deposition  of  alumimmi 
occurs  prior  to  the  bulk  deposition  of  aluminum  at  0  V  during  the  electrodeposition  of 
antimony.  Additional  support  for  this  conclusion  is  obtained  from  bulk  deposition 
experiments  {vide  infra).  In  order  for  an  antimony-alumimun  alloy  to  form  at  potentials  more 
positive  than  0  V  versus  A1(III)/A1,  the  UPD  of  aluminum  on  antimony  must  occur.  To 
demonstrate  that  the  UPD  of  aluminum  can  occur  on  an  antimony  surface,  cyclic 
voltammetric  experiments  were  conducted  at  a  polycrystalline  antimony  electrode  in  blank 
60.0-40.0  m/o  melt  at  25  °C.  Figure  5.7  shows  the  voltammogram  recorded  under  those 
conditions.  The  voltammogram  is  characterized  by  a  reduction  wave  on  the  forward  scan 
with  Ef  —  0.65  V  and  a  well  defined  stripping  wave  with  Ef  =  0.55  V.  Thus  the  UPD  of 
aluminum  onto  antimony  is  demonstrated,  and  this  indicates  that  aluminum  may  co-deposit 
with  antimony  at  potentials  positive  of  0  V.  Therefore,  the  conclusion  that  aluminum  does 
not  co-deposit  with  antimony  is  somewhat  unexpected  because  of  the  UPD  of  aluminum  can 
be  predicted  theoretically  on  the  basis  of  the  work  fimction  difference  for  aluminum  and 
antimony,  =  4.28  eV  and  4.55  (81-  83),  and  observed  experimentally.  Yet,  no  such 
co-deposition  occurs.  A  phase  diagram  of  the  aluminum-antimony  alloy  system  indicates  that 
the  solubility  of  aluminum  in  antimony  is  very  small  (84)  showing  the  formation  of  a  single 
line  compound,  AlSb.  Thus,  it  appears  that  the  difference  in  work  fimctions  and  the  solubility 
of  aluminum  in  the  depositing  transition  metal  must  both  be  favorable  if  the  co-deposition 
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Figure  5.6  Sampled-current  voltammograms  for  the  reduction  of  Sb(III)  in  60.0-40.0 
m/o  melt  at  platinum,  gold,  tungsten  and  glassy  carbon  electrodes. 
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of  aluminum  with  transition  metals  is  to  occur  at  >  0  V  is  to  take  place. 

The  average  values  of  Z)sb(„,)  and  Dsb(ni)^/Tfor  antimony(III)  in  the  60.0-40.0  m/o 
AlClj-MeEtimCl  melt  at  25°C  were  calculated  from  the  chronoamperometric  current-time 
transients  by  using  the  Cottrell  equation.  Plots  of versus  t  are  linear  and  pass  through 
the  origin  (Figure  5.8).  The 

resulting  values  are  Dsbdii)  =  (1-12  +  0.1)  x  10'^  cm^  s'  and  Dsb(iii)^/7’=  5.98  x  lO'*"  g  cm  s'^ 
K"',  respectively,  in  excellent  agreement  with  the  results  from  the  RDE  experiments. 

5.4  Nucleation  of  antimony  on  glassy  carbon 

Stationary  and  RDE  voltammograms  for  the  electrodeposition  and  stripping  of 
antimony  at  a  glassy  carbon  electrode  are  shown  in  Figure  5.4.  The  current  loops  seen  in 
both  voltammograms  after  reversal  of  the  forward  scan  are  typical  of  those  associated  with 
an  overpotential-driven  nucleation  process.  These  current  loops  occur  because  the  deposition 
of  antimony  on  glassy  carbon  during  the  forward  scan  requires  an  overpotential  in  order  to 
initiate  the  nucleation  and  subsequent  growth  of  an  antimony  deposit;  after  the  scan  is 
reversed,  the  reduction  of  antimony  continues  at  more  positive  potentials  because  antimony 
is  deposited  on  an  antimony  surface  rather  than  on  the  hostile  glassy  carbon  surface. 

Plots  of  (///„)“  versus  t  that  were  constructed  from  data  taken  from  the  rising  portions 
of  the  experimental  current-time  transients  in  Figure  5 .9a  were  linear;  therefore  the  intercepts 
of  these  plots  were  used  to  obtain  estimates  of  4.  The  resulting  values  of  are  shown  in 
Table  5.3.  Figure  5.10  shows  a  plot  of  the  log  of  the  induction  time  versus  the  overpotential. 
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Figure  5.8  Plots  of  the  limiting  cathodic  currents  for  the  reduction  of  Sb(III)  in  60.0-40.0 
m/o  melt  versus  the  reciprocal  of  the  square  root  of  time  (f  These  plots  were 
constricted  from  chronoamperometric  data. 
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Figure  5.9  (a)  Dimensionless  experimential  current-time  transients  for  the  reduction  of 
Sb(III)  in  60.0-40.0  m/o  melt  at  glassy  carbon,  (b)  comparison  of  the  current-time 
transients  in  part  a  to  the  theoretical  transients  for  progressive  and  instantaneous 
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Figure  5.10  Plot  of  log  versus  r|  from  the  trasients  given  in  Figure  4.9a.  The  slope  of 
this  plot  equals  0.0648  V. 
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According  to  Ramamurthy  and  Kuwana,  (85)  the  decrease  of  the  induction  time  with 
overpotential,  as  seen  in  Figure  5.10,  indicates  that  the  rate  of  nucleation  is  limited  by  a 
heterogeneous  electron-transfer  process.  In  describing  a  similar  exponential  behavior 
observed  during  the  nucleation  of  Pb02,  Chang  and  Johnson  (86)  proposed  that  the  inverse 
relationship  between  induction  time  and  overpotential  is  similar  to  the  relationship  between 
current  and  overpotential  as  given  by  the  Tafel  equation  (72). 

log  //(1-e”^)  =  log  4  -  OLnFy\l2.7,RT  [5.1] 

The  slope  in  Figure  5.10  is  0.0648  V;  this  value  is  in  excellent  agreement  with  the  slope 
determined  by  Phillips  et  al.  (87),  (0.066  V),  during  an  investigation  of  the  electrodeposition 
of  TI2O3  on  glassy  carbon. 

Table  5.3  also  lists  the  product  ijtj  as  a  function  of  overpotential.  The  overpotentials 
that  were  applied  during  each  chronoamperometry  experiment  correspond  to  the  limiting 
currents  in  Figure  5.4.  Under  these  conditions,  the  growth  process  is  considered  to  be 
diffusion  controlled,  i.e.,  Csb(in)  (x  =  0)  ~  0,  if  does  not  vary  with  tj;  (54)  the  data  in 
Table  5.3  indicate  that  this  is  not  the  case,  unless  <  0.78  V. 

In  Figure  5.9b,  the  experimental  dimensionless  current-time  transients  from  several 
experiments  are  compared  to  the  theoretical  transients  that  were  calculated  from  Equations 
1.17  and  1.18.  The  experimental  transients  appear  to  fall  between  the  limiting  models  for 
progressive  and  instantaneous  nucleation,  suggesting  that  the  deposition  of  antimony  on 
glassy  carbon  involves  progressive  three-dimensional  nucleation  on  a  finite  number  of  active 
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sites  with  hemispherical  diffusion-controlled  growth  of  the  nuclei(68).  The  theoretical 
transient  for  this  model  is  represented  by  Equation  1.19  (68).  Equation  1.19  was  fit  to  the 
experimental  data  by  adjusting  the  values  of  a,  and  x  using  a  curve  fitting  program  based 
on  the  Marquardt-Levenberg  algorithm.  The  adjustable  parameters  a  and  x  contain 
information  about  (cm‘^),  and  (s  ')  as  given  by  Equations  1 .25  and  1 .26  (68).  The  curve 
fitting  results  are  collected  in  Table  5.3  along  with  the  value  A^s,  which  is  calculated  from .4/^0 
according  to  Equation  1.23  (61). 

According  to  the  atomistic  theory  of  nucleation,  the  slope  of  a  plot  of  log(^^  versus 
q  gives  information  about  the  critical  number  of  atoms  required  for  the  formation  of  a  stable 
nucleus,  n^(66).  A  plot  of  log/4t  versus  t/that  was  constructed  from  the  data  in  Table  5.3  is 
shown  in  Figure  5.11.  It  is  linear  with  a  slope  of  1 7.6  s' '  cm'^  V'’  and  a  correlation  coefficient 
of  0.965.  riy.  is  related  to  this  slope  by  Equation  1.24,  where  k  is  the  Boltzmann  constant,  Cq 
is  the  elementary  charge,  and  a  is  the  cathodic  transfer  coefficient  (88).  If  a  is  assumed  to 
have  a  value  of  0.50,  then  Equation  9  gives  n^.  ~  0.  This  indicates  that  active  sites  on  the 
electrode  surface  probably  act  as  the  critical  nucleus  (89)  during  the  electrodeposition  of 
antimony  on  glassy  carbon  from  acidic  AlCl3-MeEtimCl.  Values  of  ranging  from  0  to  1 
were  reported  for  the  electrodeposition  of  cadmium  (90),  copper  (91),  lead  (92,  38),  and 
silver  (93, 94)  on  glassy  carbon  in  aqueous  solutions. 

5.5  Characterization  of  bulk  antimony  deposits 

Bulk  electrodeposits  were  prepared  on  1  mm  diameter  nickel  wire  electrodes.  The 
plating  solutions  were  gently  stirred  with  a  Teflon-coated  stir  bar  during  electrodeposition 
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Figure  5.11  Plots  of  N^,  A^,  and  N^A^  versus  r\  that  were  constructed  from  data  in  Table  5.3. 
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experiments.  Following  each  experiment,  the  deposits  were  immediately  taken  from  the 
plating  bath  while  under  cathodic  protection  and  washed  with  dry  benzene  to  remove  any 
plating  bath  residue.  They  were  then  removed  from  the  glove  box  and  washed  in  succession 
with  ethanol,  acetone,  and  water.  Deposits  were  prepared  at  a  charge  density  of 
approximately  50  C  cm'^  at  applied  potentials  of  0.80,  0.70,  0.50,  0.30,  0.10,  and  0  V. 
Deposits  were  also  made  at  constant  current  with  an  approximate  charge  density  of  50  C  cm'^. 
The  currents  densities  used  ranged  from  6.37  to  20.47  mA/cm^,  and  the  resulted  in  negative 
potentials  ranging  from  -120  mV  to  -375  mV,  respectively. 

SEM-EDAX  results  revealed  that  the  constant  current  deposits  consisted  of 
approximately  60%  aluminum  and  40%  antimony.  A  small  amount  of  chloride  (<  1%)  was 
found  and  is  believed  to  come  from  the  incorporation  of  the  AlClj-MeEtimCl  melt  into  the 
deposit.  Deposits  produced  under  constant  potential  conditions  were  found  to  be  pure 
antimony  at  all  potentials.  Only  trace  amounts  of  aluminum  and  chloride  were  detected  and 
were  attributed  to  incorporation  of  melt  into  the  deposit.  The  as-deposited  surface 
morphologies  of  the  constant  potential  electrodeposits  are  shown  in  Figure  5.12,  and  they 
showed  virtually  no  significant  variation  as  a  function  of  potential.  All  constant  potential 
electrodeposits  between  0  and  0.8  V  have  the  same  densely  packed  grape-like  nodidar 
appearance.  EDS  analysis  of  these  deposits  indicated  that  they  were  pure  antimony  and  free 
of  chloride  contamination.  This  is  not  unexpected  and  confirms  the  results  of  the  sampled- 
current  voltammetry.  The  as-deposited  surface  morphologies  of  the  constant  current 
electrodeposits  are  shown  in  Figure  5.13.  The  deposition  potentials  for  all  of  these  deposits 
were  negative.  The  potentials  ranged  from  -120  mV  at  =  5  mA,  to  -375  mV  at y'app^  20 
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Figure  5.12  SEM  images  of  antimony  electrodeposits,  (top)  =  0  V. 
(bottom)  F:,pp  =  0.8  V. 
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Figure  5.13  SEM  images  of  antimony  electrodeposits,  (top)  4pp 
=  5.0  mA.  (bottom)  4pp  =  20  mA. 
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mA.  The  as-deposited  surface  morphology  again  showed  little  variation.  All  of  the  constant 
current  deposits  have  a  similar  coral  like  appearance,  distinctly  different  from  the  that  of  the 
constant  potential  deposits.  These  deposits  have  a  less  nodular  appearance  and  a  more  coral 
like  separation  with  a  more  complete  and  uniform  coverage.  The  most  significant  aspect  of 
these  deposits  is  their  aluminum  content.  At  these  negative  potentials  it  is  possible  to  co¬ 
deposit  aluminmn  and  antimony  and  obtain  deposits  containing  as  much  as  60  atomic  % 


aluminum. 


CHAPTER  VI.  SUMMARY  AND  CONCLUSIONS 


The  results  reported  in  the  preceding  chapters  demonstrate  that  Co-Al,  Fe- Al,  and  Sb- 
A1  alloys  can  be  electrodeposited  from  the  acidic  AlClj-MeEtimCl  room-temperature  molten 
salt.  The  Co-Al  and  Fe-Al  alloys  were  foimd  to  co-deposit  at  potentials  positive  of  the 
A1(III)/A1  couple  (Ejpp  =  0  V,  i.e.,  at  underpotentials.  However,  the  Sb-Al  alloy  was  only 
deposited  at  potentials  negative  of  0  V. 

When  the  work  function  of  aluminum  is  lower  than  the  work  function  of  the  other 
metal  there  is  a  free  energy  advantage  for  underpotential  co-deposition  of  aluminum  with  the 
metal.  In  view  of  the  fact  that  the  work  function  difference  between  Sb-Al  is  similar  to  that 
of  Co-Al  and  Fe-Al,  the  underpotential  co-deposition  of  Al  with  Sb  was  expected.  However, 
this  study  revealed  that  the  electrodeposition  of  antimony  was  not  accompanied  by  the  co¬ 
deposition  of  aluminum  at  potentials  less  than  those  required  to  initiate  the  bulk  deposition 
of  aluminum.  One  reason  for  this  behavior  may  be  that  the  solubility  of  aluminum  in  antimony 
is  very  small  (84).  Thus,  two  important  factors  that  must  be  considered  in  order  to  predict 
the  imderpotential  co-deposition  of  aluminum  with  transition  and  main  group  metals  appear 
to  be  the  difference  in  work  functions  and  the  solubility  of  aluminum  in  the  depositing  metal. 

The  mole  fraction  of  aluminum  found  in  bulk  deposits  was  sometimes  lower  than  that 
predicted  on  the  basis  of  the  various  voltammetric  measurements.  This  discrepancy  is 
believed  to  arise  from  the  oxidative  leaching  of  aluminum  from  the  alloys  by  the  more  nobel 


transition  metal  cations  present  in  the  plating  bath  during  the  electrodeposition  process.  It 
is  possible  for  this  to  occur  if  the  alloy  deposits  are  very  dendritic  and  become  detached  and 
“electrically  isolated”  from  the  electrode.  In  the  case  of  thin-layer  voltammetric  deposits 
produced  during  chronoamperometric  experiments,  the  charge  passed  during  these 
measurements  is  so  small  that  dendritic  deposits  can  not  form  and  furthermore,  leaching  of 
aluminum  from  the  alloy  does  not  take  place  because  the  deposit  is  under  continuous  cathodic 
protection. 

The  technique  developed  during  this  research  project  that  involves  anodic  linear  sweep 
voltammetry  at  a  rotating  ring-disk  electrode,  ( ALSV -RRDE)  proved  to  be  a  powerful  in  situ 
tool  for  gaining  quantitative  insight  (74-76)  into  the  phase  composition  of  alloys 
electrodeposited  at  underpotentials  such  as  Co-Al  and  Fe-Al.  The  efficacy  of  this  technique 
was  validated  by  current-sampled  voltammetry. 

Chronoamperometry  was  used  to  investigate  the  fundamental  aspects  of  the 
nucleation  and  growth  of  cobalt,  iron,  and  antimony  on  glassy  carbon  substrates  in  the  AICI3- 
MeEtimCl  molten  salt.  The  results  obtained  for  the  electrodeposition  of  different  metals  at 
different  substrates  are  compared  in  Table  6. 1 .  The  dimensionless  experimental  current-time 
transients  were  in  good  agreement  with  the  theoretical  model  for  progressive  three 
dimensional  hemispherical  diffusion  controlled  growth  (3D-HDCG)  (Table  6.1).  Using  the 
atomistic  theory  of  nucleation,  it  was  determined  in  all  three  cases  that  the  critical  number  of 
atoms  required  to  a  form  stable  nucleus  was  zero,  i.e.,  during  the  nucleation  and  growth  of 
cobalt,  iron,  and  antimony  nuclei  on  glassy  carbon,  active  sites  on  the  glassy  carbon  surface 


Table  6.1.  Summary  of  the  different  electrodeposition  mechanisms  observed  in  the 
60.0-40.0  m/o  AlCls-MeEtimCl  molten  salt  at  25  °C. 


substrate 


metals 

glassy  carbon 

gold 

platinum 

tungsten 

cobalt 

progressive 

3D-HDCG 

UPD 

UPD 

iron 

progressive 

3D-HDCG 

UPD 

UPD 

antimony 

progressive  on 
a  finite  number 
of  active  sites 

UPD 

UPD 
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act  as  critical  nuclei.  This  appears  to  be  a  general  result  for  glassy  carbon  because  similar 
results  were  obtained  during  the  electrodeposition  of  zinc  (36). 

Thermodynamic  data  about  the  M"^/M  couples  and  transport  data  about  the  M"^ 
species  were  obtained.  The  formal  potentials  of  the  M"7M  couples  were  determined  by  either 
constructing  Nemst  plots,  or  using  the  cross-over  potentials  from  RDE  voltammetry 
experiments.  The  formal  potentials  for  each  of  the  electrochemical  couples  measured  during 
this  research  are  collected  in  Table  6.2.  The  reduction  potentials  of  these  couples  in  aqueous 
solution  are  shown  for  comparison.  The  lack  of  a  correlation  between  these  two  sets  of 
values  provides  solid  evidence  that  the  various  metal  ions  are  solvated  very  differently  in  these 
two  solvents.  The  diffusion  coefficients  and  Stokes-Einstein  products  of  cobalt(II),  iron(II), 
and  antimony  (III)  in  the  60.0-40.0  m/o  AlClj-MeEtimCl  molten  salt  are  collected  in  Table 
6.3. 
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Table  6.2  Formal  potentials  of  the  redox  couples  studied  in  this 
research. 


Redox 

E°'  (molten  salt) 

E°  (aqueous) 

couple 

V  versus  A1(III)/A1 

V  versus  NHE 

Co(II)/Co 

0.86  ±  0.02 

-0.28 

Fe(II)/Fe 

0.52  ±  0.01 

-0.41 

Sb(III)/Sb 

1.02  ±0.01 

-0.51 

Table  6.3  Diffusion  coefficients  and  Stokes-Einstein  products  of 
species  studied  in  this  research. 


Species 

lO^Do 

W^rjDJT 

cm^  s'* 

g  cm  s'^  K'* 

Co(II) 

3.4  ±0.1 

1.8 

Fe(II) 

2.6  ±  0.3 

0.14 

Sb(III) 

1.1  ±0.1 

5.98 
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